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ABSTRACT
Thick, free-standing, gold Fresnel zone plates were
fabricated and tested for use as coded apertures for imaging
100 keV x-rays and 6 MeV and 10 MeV protons. Reactive Ion Etching
and gold microplating techniques were extended to
"thick"
structures, to fabricate gold zone plates 75 urn thick, with
30 ym minimum zone width. Techniques were developed for using
high efficiency, high resolution nuclear track detectors to record
protons and produce suitable contrast shadowgraphs from the etched
nuclear track detectors. The point response function of the zone
plate shadow camera was experimentally measured using 100 keV
x-rays and 6 MeV and 10 MeV protons. The zone plate camera
exhibited diffraction limited results, with higher order
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Section 1
INTRODUCTION
There are many disciplines which require thick, high aspect-ratio
microstructures for the collection of data, the manipulation of a
process or the measurement of an experimental result. To measure or
affect a physical process having a characteristic microscopic scale
length requires the fabrication of structures with a microscopic
precision on the same scale. Sorting of microscopic, spherical glass
targets for laser fusion studies can be accomplished when a screen with
controlled pore sizes can be fabricated for use in sieving, to presort
by size, in characterizing these targets.
In addition to requirements for precision in planar geometry,
there may be properties of processes to be measured or controlled which
require microstructures with an appreciable thickness and aspect ratio
(height to width ratio). For imaging self luminous sources of x-rays
and/or charged particles, it is necessary to have an aperture thick
enough to slow down or stop the radiation from exposing the detector in
unwanted regions. For high energy x-ray imaging of laser fusion targets
with pinhole cameras, for example, the aperture
must be made in a
material sufficiently thick to stop the radiation. If radiation were to
pass through the solid portions and expose the detector medium, image
contrast would suffer. Thick, high aspect-ratio microstructures have
been used as sperm valves for male birth control3, in diffraction
x-ray optics as lensing elements for x-ray microscopy of biological
samples and self-luminous
targets,4
and in coded aperture imaging of
x-ray and charged particle sources . Of particular interest in this
work is the application of these microstructures to Fresnel Zone Plate
Coded Imaging (ZPCI) of high energy x-ray (= 100 keV) and high energy
charged particles (14.7 MeV protons) from laser driven fusion
5
experiments .
Images of the emission products from laser fusion experiments can
be used as a diagnostic tool providing information about these high
temperature, high density laboratory plasmas. In particular, images of
high energy x-rays (50 - 100 keV) provide information about dynamic
processes driven by the suprathermal electrons produced when high
intensity laser light is absorbed by the target plasma. In addition,
images of high energy charged particles, 3.0 MeV protons from
Deuterium-Deutrtium (D-D) fueled targets and 14.7 MeV protons from
3 3
Deuterium-Helium (D-He ) fueled targets, emitted from the region
of thermonuclear burn, provide a characterization of the quality of
compression of the target fuel in laser driven fusion experiments.
The Fresnel Zone Plate Coded Imaging (ZPCI) technique is
illustrated in Figure 1-1. Zone plate coded aperture imaging is a
twostep process. In the first step, the source emission is encoded onto
the detector material by casting simple, geometric shadows through the












Figure 1-1. Schematic illustration of the Zone Plate Coded Imaging
(ZPCI), using three discrete points to show the encoding by
shadowcasting and decoding by optical reconstruction.
shadowcasting process not affected by diffraction effects due to the
wavelength of the source radiation, typically f rom < 0.1-10.0 A. A
second step is required to decode the data. The second step involves
the decoding image data by a simple optical reconstruction technique
similar to holographic playback, using a laser.
The coded imaging technique is illustrated in Figure 1-1. A
complex source, such as a laser fusion target, is represented by a
simple, three point source distribution. An on-axis source point close
to the zone plate aperture will cast a large on-axis zone plate shadow
on the detector. Likewise, an off -axis source point will cast an
off -axis shadow and a distant on-axis source point will cast a small
on-axis zone plate shadow. The size and position of the individual zone
plate shadows spatially characterize the source energy distribution on
a point by point basis. All the spatial information about the source
energy distribution is recorded in the location and size of the
individual zone plate shadows and is therefore recorded and
reconstructed on a point by point basis.
The second step involves the decoding of the shadowgraph data by
an optical technique similar to holographic image reconstruction. This
step takes advantage of the diffractive focusing properties of the
Fresnel zone plate structure. The shadowgraph is illuminated by visible
laser light. Each individual zone plate shadow focuses the light to a
diffraction limited spot, the image of its corresponding source point.
This technique has been employed in the microscopic imaging of alpha
particle (3.5 MeV D-T produced alpha particles) and x-ray (3-30 keV)
emissions from laser driven, laboratory plasmas.
The fabrication of micro-Fresnel zone plates of the required
thickness and precision for coded aperture imaging of high energy
x-rays and high energy charged particles was the central challenge of
this work. A variety of microfabrication techniques exist that can
produce the Fresnel zone plate structures of the required precision and
size, but they fail to meet the thickness requirements, 75 - 100 ym,
needed for the high energy particle and photon imaging applications
described in this work.
Conventional integrated circuit technology is used to produce
structures of the required precision (linewidths = 2.0 - 25.0 ym),
but these methods are most appropriate for structures with thicknesses
in the 1.0 - 5.0 ym range. By using multi-layered photoresist coating
methods, Fresnel zone plate structures have been produced with aspect
ratios of approximately 3:1 (height to width), and maximum thicknesses
o
of up to 38 ym. To meet the pattern precision and thickness
requirements of our imaging applications, new microfabrication methods
with the potential to be scaled up in thickness had to be pursued.
A number of fabrication techniques were found to be scalable to
the thicknesses required. Among these, dry anisotropic etching
techniques presented the greatest promise for meeting this challenge .
Of particular interest, due to its simplicity of implementation and
materials compatibility, was radio frequency driven reactive ion
g
etching (RIE). This dry etching process allows for anisotropic
etching of a wide range of
materials including metals, glasses, and
hydrocarbon polymers and has been employed by the integrated circuit
industry since 1968.
Reactive ion etching requires a radio frequency power generator
and a vacuum system capable of metered backfilling of the chamber with
selected gases while maintaining low (1-10 millitorr) total pressures.
A radio frequency generator operating at 13.56 Mhz coupled across
paralell cathode and anode plates separated by approximately 5-10 cm,
inside a vacuum chamber, is used to establish the conditions necessary
for the reactive ion etching of the samples.
The sample to be etched is secured to the powered electrode, the
cathode in the method used for this work, using non-metallic hardware.
The chamber is assembled and evacuated to a pressure of less than 1
millitorr and allowed to pump for a period of 5-10 minutes to remove
the gases (H~, N?, 02 etc.)that are present inside the chamber.
Once the chamber has been pumped down for a sufficient time, the
reactive gas used for etching is introduced into the chamber by means
of a metered flow rate valve and the chamber vacuum is stabilized, by
means of gate valves, at 5-10 millitorr.
Once the chamber conditions have been stabilized at the desired
pressure for the reactive etch gas being used, the rf generator is
turned on and a glow discharge is established between the cathode and
anode plates. The glow discharge consists of two
main regions, the
bright positive column that appears at the anode and the cathode dark
space or cathode fall region where most of the voltage drop occurs
within the RIE system. The bright plasma around the anode is comprised
primarily of electrons and
ionized gas molecules in a relatively
neutral charge balance.
The ions and electrons present in the positive column migrate
primarily due to diffusion rather than by forces provided by the
electric field. Once the gas ions approach or come in contact with the
bright positive column interface, they are attracted toward the dark
space or cathode fall region, accelerate across the space toward the
cathode, and strike the sample. The energy of the accelerated gas ions
is transferred to the material being etched, and by a reaction
mechanism not well understood, the sample is locally volatilized. The
direction of reactive etching is generally perpendicular to the cathode
plane, producing straight -walled microstructures that have nearly
perpendicular features with respect to the base plane.
Figure 1-2 illustrates the Reactive Ion Etching (RIE) scheme as
implemented in this work. The sample is prepared by coating a glass
substrate with thin layers of chrome and gold, followed by a layer of
polymer, coated to a thickness greater than the desired final gold zone
plate. A metal, usually Aluminum, is then evaporated onto the top
surface of the polymer, followed by a layer of UV sensitive
photoresist. The zone plate pattern is exposed into the resist and the
uncovered Aluminum is chemically etched, leaving a metal zone plate
mask on top of the polymer. This mask defines the region that is etched
in the RIE step. The RIE mechanism is not fully understood at this
time. It is represented in the figure as a gaseous cloud of reaction
products volatilized from the etched surface. The RIE technique
exhibits a high degree of material selectivity (depending upon the
material to be etched and the reactive gas chosen), produces straight
sidewalls with near perpendicular corners at the top and bottom of the

















Figure 1-2. Schematic illustration of the Reactive Ion Etch (RIE)
technique, showing the positive column, cathode fall region and the
sample being etched (represented as a gaseous reaction product).
channels (as opposed to the rounded corners produced with isotropic
etching methods) and has a relatively rapid etch rates (rates observed
from 1000-2000 A/min for the materials and conditions used for this
work).
We report in this thesis on the fabrication and testing of thick
(75ym), free-standing, gold micro-Fresnel zone plate structures used
as coded apertures for imaging high energy x-rays (50-100 keV) and high
energy charged particles (e.g., j> 6 Mev protons). Section 2 deals
with the fabrication of thick Fresnel zone plates using RIE in an
Oxygen plasma to produce high aspect-ratio zone plate patterns in
polymers. The polymer patterns serve as electroplating molds in the
subsequent production of the free standing micro-Fresnel zone plates.
The production methods used to fabricate the gold zone plates of the
required thicknesses, and solutions to the problems encountered in
fabrication are presented. Section 3 describes the experimental tests
of the thick zone plate coded apertures in high energy x-ray and proton
imaging experiments. These experimental demonstrations illustrate
diffraction limited imaging results for 100 keV x-rays and 6 MeV
protons. They also allow us to address questions of the minimum signal
level needed to produce an image of thermonuclear proton emission from
a laser fusion target and the suitability of the ZPCI technique for
high energy x-ray and proton imaging in laser fusion experiments.
Finally, in Section 4 suggestions are presented for further work in




Section 2.1 - Introduction
Thick zone plate coded apertures for x-ray and particle imaging
have been produced by Ciarlo and Ceglio using conventional UV
Q
photoresist technology. Positive UV photoresist was coated, in
layers, to thicknesses approaching 45 ym. A zone plate pattern was
exposed in the resist and developed to produce the electroplating form.
The thickest zone plate produced by this method was limited to 38 ym
because i) as the resist thickness increased, nitrogen gas produced
during UV exposure caused cracks to form in the resist, destroying the
pattern integrity, and ii) during the photoresist exposure diffraction
of the UV radiation within the thick resist led to sidewall taper of
the resist structure.
In order to meet the future needs for high energy x-ray and
particle imaging in laser fusion diagnostics, thicker coded apertures
are required. To produce these thick microstructures, new fabrication
techniques are needed.
Among the techniques available for the fabrication of thick
microstructures of the required linewidths are x-ray lithography and
reactive ion etching (RIE). Both these techniques could, in principle,
11
be used to fabricate the electroplating forms needed to produce the
gold microstructures. X-ray lithography requires a resist material,
polymethyl methacrylate (PMMA),to be exposed through an x-ray absorbing
mask. Such masks are typically of gold. Using a standard x-ray
1 3
lithography source with a 1 mm diameter, emitting 5 X 10
photons/second at 4 keV and a sample distance of 6 cm, the exposure
12
required for 100 ym of PMMA would be greater than 400 hours.
"
Such
long exposure times precluded x-ray lithography as a convenient method
for producing thick coded apertures.
Section 2.2 - Coded Aperture Microfabrication Procedures
Reactive ion etching (RIE) of a polymer in an oxygen plasma
discharge was the technique chosen to produce the gold plating forms.
RIE is routinely used to produce vertical sidewall microstructures 1-5
9
ym thick with 1-3 ym minimum linewidth. Rapid etch rates,
approaching 2000 A/min in polymers, combined with the attraction of a
low cost, existing technology, make RIE an attractive choice
for thick
microstructure fabrication. Scaling up the technique from 1-5 ym to
75-150 ym proved to be the central challenge of this work.
The fabrication of thick gold zone plates for coded aperture
imaging involved several processing steps .
In brief, the process
involved the fabrication of a polymer zone plate
pattern on a support
substrate coated with a plating base. The zone plate pattern was
then
electroplated within the polymer mold and a support ring attached.
Finally, the polymer mold and support substrate were chemically
dissolved, leaving the free standing
thick gold zone plate (see Figure
2-1).
12
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Figure 2-1. Schematic illustration of the steps
used in the
microfabrication of thick gold zone plates, used in coded aperture
imaging of high energy x-rays and
charged particles.
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The process was initiated by first preparing the support substrate
(see Figure 2-1-1). The substrate, Si02, was coated by thermal
evaporation with chrome and gold. An additional metal layer of chrome
or aluminum was added as a RIE etch stop, needed for compatibility with
subsequent process steps. A polymer layer, greater than the desired
zone plate thickness, was then applied to the metalized substrate. Two
1 o
different polymers were investigated in this work: Dupont polyimide
and Spurr Low Viscosity Embedding Medium (SLVEM) . Polyimide is a
rigid, chemically resistant solid capable of withstanding temperatures
up to 300 deg C. SLVEM is an epoxy based polymer used in the
preparation of biological samples for TEM studies. The polymer of
choice was applied in a measured volume and allowed to self level while
curing. The coating uniformity and thickness was measured with a Bausch
& Lomb model DR-25B Optical thickness gauge. These measurements were
made by contact stylus and digitally read out to an accuracy of 6
ym. Polymer coatings made by this method were 50-400 ym thick with
uniformities to 5-15 % of the coating thickness. A metal layer,
typically aluminum, was thermally evaporated onto the polymer and
coated with a UV sensitive photoresist. This prepared the sample for
the processing steps that would follow (see Figure 2-1-1).
The next step in the production of the thick microstructure was
the transfer of the zone plate pattern onto the polymer coated
substrate. The zone plate pattern was exposed into the resist on top of
the aluminum layer and the pattern was developed. The uncovered
aluminum was removed by a wet chemical etchant, leaving a metal zone
plate pattern on top of the polymer. This aluminum zone plate pattern
14
served as an etch mask for the subsequent RIE step ( see figure 2-1-2
and 2-1-3). Aluminum was chosen for the etch mask because it's etch
rate is 50-100 times less than that of the polymer, under the same RIE
conditions.
The thick zone plate pattern was produced in the polymer layer by
reactive ion etching in an oxygen discharge plasma (see Figure 2-1-4).
Anticipated etch times, based on etch rates for 1-5 ym thick samples
(5 min/ym), were approximately 8 hours for 100 ym thick patterns.
The production of polymer patterns 75-150 ym thick, by RIE, uncovered
a variety of new phenomena. Among the interesting phenomena encountered
were sidewall taper of thick high aspect-ratio polymer structures and a
non-uniform etch rate of the polymer as a function of pattern geometry.
These will be discussed in greater detail in a later section.
After the RIE process, it was necessary to remove the aluminum
etch mask and the chrome etch-stop layers. This was accomplished using
a combination of dry and wet processes. The etch-stop layer was removed
by argon ion milling . In the ion milling process, Argon ions are
accelerated onto the sample, removing material by sputtering. Any
remaining chrome was wet chemically etched. The aluminum etch mask was
removed with a wet chemical etchant. The zone plate was subsequently
electroplated in a gold plating bath (see figure 2-1-5). This plating
technique produced zone plates as thick as 75 ym. Internal stresses
were found to build up within the plated gold. This effect proved to be
the ultimate limiting factor in the production of thick
microstructures.
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With a zone plate pattern now made of gold, the next step in the
production of the free standing zone plate was to remove the polymer
pattern. The SLVEM was dissolved in a hydrolized ethyl alcohol
solution. The polyimide, being chemically more resistant than SLVEM,
was removed in an oxygen plasma asher which etched the sample
isotropically. The plating base that was beneath the polymer pattern
was removed by argon ion milling. A ring holder was attached to
facilitate handling of the free standing zone plate which would be
ultimately produced(see Figure 2-1-6).
The final step in the production of the free standing gold zone
plate was the removal of the support substrate. The Si02
support
substrate was dissolved in undiluted hydrofluoric acid (see Figure
2-1-7). Figure 2-2 shows the thick gold zone plate produced by the
fabrication methods outlined in Figure 2-1 and described above. The
zone plate shown in Figure 2-2 has a thickness of 75 ym of gold, is
12 mm in diameter, with a minimum zone width of 30 ym and has a total
of 100 zones. The zone plate of Figure 2-2 was produced using the






Figure 2-2. Scanning Electron Microscope (SEM) photographs of a thick
gold zone plate, showing the front (a) and back (b) surfaces and




Specific Processing Steps for Thick Zone Plate Fabrication
Support substrate: Si02, 0.5 X 25.4 X 25.4 mm
Plating and etch stop layer: Cr 300 A , Au 4700 A, Cr 5000 A
Polymer layer: Spurr Low Viscosity Embedding Medium, 86.0 ym
RIE metal mask layer: Al, 1.0 ym
UV photolithography: Shipley resist - AZ 1350J, 1.0 ym;
exposed 0.4 min @
10mW/cm2
@ 405 nm;
Shipley AZ developer, 1.0 min
Al mask etch: Phosphoric-Acetic-Nitric (PAN) acid etch, 20 min.
RIE conditions: power =0.3 W/cm2
DC bias = 525 volts
pressure = 10 mTorr
gas = oxygen at 15 seem flow rate
etch time = 2725 min
Al mask and etch stop removal: Cr
- Ceric Ammonium Nitrate/Acetic
acid etch, 4 min 20 sec
Al - PAN acid etch, 20 min (see above)
Gold electroplating: Selrex BDT 510 plating solution,
55
C,
pH=8.5, specific gravity=16.7 deg. Baume
plating current density=2.5
mAmps/cm2
plating voltage=0.6 volts plating time=867 min
plating rate
= 850 A/min
Polymer removal: NaOH + ethanol absolute (20 g/1), 30 min




ion mill time=30 min
Support ring: brass, attached with Hardman Epoweld 8173 epoxy
Substrate removal: HF acid , 30 min
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Section 2.3 - Microfabrication Process Analysis
- I
In the production of the thick coded apertures, reactive ion
etching and electroplating technologies were extended to new regimes
not previously explored. In addition, new materials not
associated with
microfabrication were employed in unconventional ways. As a result, we
encountered a variety of new and interesting phenomena which made the
fabrication of thick coded apertures quite challenging. These phenomena
were unexpected and will be documented in the next section. Included in
that section will be a description of the effects of these phenomena on
our work and the steps taken to mitigate them.
The new fabrication phenomena we encountered and the effects of
these on thick zone plate fabrication may be divided into five
categories. The five categories are : a) sidewall taper of thick, high
aspect ratio polymer structures, b) non-uniform etch rate of the
polymer patterns as a function of pattern geometry, c) polymer surface
texturing or
'grass'
formation during RIE of the polymer pattern, d)
incompatibility of the materials and processes used in the fabrication,
and e) stresses found
in thick plated gold. The above listed phenomena
and the steps taken to mitigate their effect on thick zone plate
fabrication are briefly described in the following
paragraphs. In a
subsequent section a more detailed, illustrated discussion of these
phenomena along with their
implications for thick zone plate
fabrication are presented.
Section 2.3 (a) - Sidewall Taper
During the reactive
ion etching of the polymer to
produce the
thick, high aspect-ratio
zone plate pattern, a change in the
19
vertical ity of the zone sidewall s was observed. The observed effect was
a tapering or undercutting of the sidewalls, generally occurring at the
midpoint of the zone. The tapering of the zone at it's midpoint would
increase as the pattern thickness increased, eventually leading to the
collapse of the zone. This sidewall taper limited the maximum thickness
and aspect-ratio of the polymer patterns that could be produced using
RIE methods. The undercutting of the zone was speculated to be due to
local field effects within the deep polymer structure. To reduce such
local field effects, the sample was placed within a Faraday cage which
was at the cathode potential. (The sample was then in a presumably
field free region while still subjected to oxygen ions which were
accelerated to and passed through the screen mesh cathode.) This
technique served to extend the thickness of the etched patterns to 100
- 150 ym, but did not entirely mitigate the sidewall taper
condition.
Section 2.3 (b) - Non-uniform etch rate
Another phenomenon encountered during the RIE step was a
non-uniform vertical etch rate as a function of the pattern geometry.
The wide areas of the zone plate pattern would etch down to the plating
base faster than the narrow regions within the outer zones. This
non-uniform etch of the polymer caused a uneven breakthrough to the
metal plating base, resulting in the plating
base being sputtered onto
the sidewalls of the zones. This caused problems in the subsequent
electroplating of the zone
plate structure. The sputtered gold provided
a conductive path, allowing gold to plate
onto the sidewalls as well as
the floor of the pattern. This led to
serious non-uniformities in the
gold zone plate pattern. To mitigate this situation, a
protective layer
20
of chrome was evaporated on top of the gold plating base prior to the
application of the polymer layer. The inclusion of this chrome
etch-stop layer allowed the patterns to be reactive ion etched down to
the metal without the complications in the subsequent plating step.
Section 2.3 (c) - Polymer surface texturing
A surface texturing of the polymer pattern occurred during the
initial RIE work. The texture resembled a fine cilia or 'grass'. The
formation of the
'grass'
was correlated with exposed metal surfaces, at
the cathode potential, near the sample. It appears that metal from the
exposed cathode surfaces was sputtered and deposited onto the surface
of the polymer. This inhibited further etching of the polymer beneath
the metal. To mitigate this condition, the exposed metal surfaces were
covered with a polymer (polyimide or lexan). These coverings etched at
the same time as the pattern polymer and needed to be replaced
periodically during the etching cycle.
Section 2.3 (d) - Chemical incompatibility
In the production of the thick, high aspect-ratio polymer
patterns, an incompatibility, between the polymer materials and the
processes used to pattern them, was encountered. The thick high
aspect-ratio structures made of SLVEM suffered from strength and
adhesion problems in the post-RIE processing steps. When immersed into
etching solutions and water rinses
at elevated temperatures, the
polymers suffered from structural weaknesses such as sagging or leaning
against adjacent zones. The structural weakness problem became a more
serious condition as the aspect-ratio of the patterns increased. It
should be noted that the polyimide was affected less by this condition,
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due to it's higher strength and higher curing temperature (300C)
than that of the SLVEM (60C). In addition, polymer adhesion problems
were encountered during the wet etching of the chrome etch-stop layer.
The original etchant used to remove the chrome etch-stop layer was
found to etch the chrome under the zones, causing a reduction in the
adhesion area and zone lifting from the pattern. The solution to the
softening of the polymer pattern was to use a lower temperature etching
solution with a phosphoric, acetic, and nitric acid base. This allowed
the continued use of SLVEM as the pattern mold material. The lifting of
the zones during the removal of the chrome etch-stop layer was
mitigated with a change in the etching procedures for this metal layer.
Argon ion milling was used to thin the majority of the chrome. Then a
eerie ammonium nitrate-acetic acid wet etchant was used to remove the
remaining metal. These two process changes allowed the successful
fabrication of thick coded aperture patterns.
Section 2.3 (e) - Stress in plated gold
Another phenomenon encountered during the fabrication of the thick
coded apertures was stress in the plated gold. The internal stresses in
the plated gold caused the zone plate pattern to lift and peel up from
the support base. Although a systematic study of the stress problem was
not undertaken, it was consistently noted that when the gold deposit
was bright, indicating fine grain gold, it was also highly stressed. In
an attempt to limit the effects of stress on zone plate fabrication, a
plating fixture was made that would
hold the curled gold pattern flat
while the plating continued. As the stress within the gold increased,
the plating fixture was found to be
inadequate. The pattern would tear
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along the edge of the circular opening of the fixture and lift from the
support glass. Tests showed that the lifting of the gold was not due to
inadequate adhesion of the plating base to the Si02 substrate.
Stresses observed during the plating were capable of lifting up a thin
surface layer of glass along with the plated zone plate pattern. A
satisfactory solution to the gold stress problem was not found in this
work. In fact, the stress in the plated gold proved to be the ultimate
limiting factor in the maximum thickness of the coded apertures that
were produced. This will be an important area for future study.
Section 2.4 - Microfabrication Process Analysis - II
In the following sections, a more detailed discussion of the
fabrication phenomena is presented. Sidewall taper, non-uniform
vertical etch rate, polymer surface texturing, chemical
incompatibility, and stress in plated gold are described along with
illustrations and figures to support the discussion.
Section 2.4 (a) - Sidewall Taper
- Detailed Discussion
Sidewall taper or horizontal etching occurs during the RIE of high
aspect-ratio polymer patterns. This modifies the verticality of the
zone sidewalls and limits the maximum thickness and aspect-ratio
that
can be achieved. The undercutting leads to
failure of the thin, outer
zones when the narrowed zone width is unable to
support the high
aspect-ratio structure. The observed
horizontal etch component is
believed to be due to local field non-uniformities arising
within the
deep channels of the polymer
zone plate pattern during the RIE process.
An interesting feature of the
horizontal etch is the fibrous patterning
it produces in the sidewalls of the
tapered zones.
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During the etching of the polymer plating molds, the verticality
of the sidewalls degrades with increased etch depth and aspect-ratio,
eventually causing the outer zones to fall over. The taper of the
sidewalls of the zone plate pattern appears gradually as the etch depth
increases. With increased etch depth and increased pattern
aspect-ratio, the condition becomes more severe as illustrated in
figure 2-3. These SEM photographs show a SLVEM polymer pattern, with a
minimum linewidth, <5r, of 15 ym, at an etch depth of 85 ym. The
horizontal etch component tapers the zone at the midpoint more than at
the top or bottom of the zone. As the etch depth of the pattern
increases, the sidewall taper becomes more pronounced leading to a
failure of the outer zone at it's midpoint. Figure 2-4 shows SEM
photographs of the outer zones of a pattern at etch depths of T = 75
ym, 2-4(a), and 90 ym, 2-4(b). At a thickness of 90 ym, the
sidewall taper has progressed to a point in which the outermost zone is
unable to support itself and collapses. The failure generally occurs
near the midpoint of the zone.
An interesting feature of the sidewall taper is the fibrous
texture it produces on the sidewalls of the polymer. This is clearly
evident in Figure 2-4. The texture of the sidewalls does not appear to
be a simple replication of the edge profile of the aluminum etch mask
pads. Figure 2-5 shows a SEM photograph of the smooth edges of the
aluminum etch mask pad, along with the fibrous sidewalls of the pattern
etched beneath it.
The horizontal etch component in the RIE of thick structures is
believed to be due to local field non-uniformities within the deep
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Figure 2-3. SEM photograph of a sample exhibiting sidewall taper of the
outer zone. The width of the zone is not constant from top to bottom,
indicating horizontal etching of the pattern. Outer zone width is
15 ym and the height is 85 ym.
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Fiqure 2-4 SEM photographs of
the outer zones, showing the failure and
collapse of the last zone due to sidewall
taper or horizontal etching
of the zone. In (a) the standing zone is 75
ym thick and the
collapsed zone in (b) failed at 90 ym thick. The minumum zone width
is 15 ym for both
patterns.
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Figure 2-5. SEM photograph of the sidewall of the center zone showing
the smooth edge of the Aluminum etch mask at the top of the pad and the
fiberous texture of the sidewalls. The fiber-like structure is not due
to a replication of the edge roughness of the Aluminum etch mask.
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polymer channels of the zone plate pattern. To reduce this effect and
extend the thickness and aspect-ratio of the polymer patterns produced,
the sample is placed within a Faraday cage at the cathode
1 5
potential. Figure 2-6 shows a side and top view of the Faraday cage
used in this work. The screen mesh cathode is 12.5 mm above the sample
and secured to the cathode plate by a metal ring held down with metal
screws. This enclosure places the sample within a presumably field free
region, while still subjecting it to the oxygen ions which are
accelerated toward, and pass through the screen mesh cathode. Enclosing
the sample within the Faraday cage has given mixed results. In some
cases, the use of the Faraday cage permitted the production of polymer
patterns from 100-150 ym with a minumum linewidth, 6r, of 30 ym.
Figure 2-7 shows SEM photographs of a 115 ym thick polymer pattern,
with a 6r of 30 ym, produced using the Faraday cage. While this
pattern exhibits some sidewall taper and texturing, neither is severe
enough to eliminate the pattern as a candidate for electroplating. On
the other hand, the use of the Faraday cage is not without it's
problems. Figure 2-8 shows SEM photographs of a sample with the screen
mesh pattern replicated in the polymer throughout the sample. To
mitigate the non-uniform etch effects associated with the screen mesh
cathode, it was necessary to periodically rotate the sample relative to
the screen during the etch cycle.
In summary, a change in the verticality of the sidewalls of the
zones occurs during the RIE of thick, high aspect-ratio polymer
patterns. This horizontal etch component thins the zones at their
midpoint and causes a fibrous texturing of the sidewalls. With
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Figure 2-6. Photograph of the Faraday cage, side and top views, with
the Lexan outer coverings. The top view shows the sheet of polyimide
covering the screen mesh, limiting the exposed metal surfaces at
cathode potential.
29
Figure 2-7. SEM photographs of a pattern etched with the Faraday cage
around the sample. This pattern is 115 ym thick with a 30 ym
minimum zone width.
30
Figure 2-8. SEM photographs of a sample with the imprint of the Faraday
cage in the polymer.
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increased etching, the zone width is eventually reduced to a thin,
fibrous membrane, unable to support itself. Sidewall taper may be
reduced by placing the sample in a Faraday cage at the cathode
potential. Although not a complete solution to the sidewall taper
problem, the Faraday cage serves to extend the thickness and
aspect-ratio of the polymer patterns produced by RIE techniques.
Section 2.4 (b) - Non-uniform Etch Rate - Detailed Discussion
In the production of polymer zone plate patterns, the reactive ion
etch process does not, in general, etch the polymer down to the plating
base uniformly. This non-uniform etching could in principle be due to
non-uniformities in the coating thickness of the polymer and/or
variations in the etch rate within the pattern geomerty. Since the
variations in polymer etch rate occur over much smaller areas than the
thickness variations, it is clear that the non-uniform etch rate is
related to the zone plate pattern geometry. The primary cause of etch
rate non-uniformity is the aperiodicity of the zone plate pattern
geometry. (The zone plate is an aperiodic, circularly symmetric
structure with linewidth decreasing with increased radial distance from
the center of the pattern. For a given etch depth, the aspect-ratio
increases with radius across the pattern.) It was observed that the
polymer was etched in the open areas of the zone plate pattern at a
faster rate than in the narrow spaces between the outer zones. The
reduced etch rate in the narrower outer zones is believed to be due to
two possible mechanisms. First, local field non-uniformities near the
top surface of the zones could affect the ion trajectories, reducing
the vertical etch rate in those regions. Second, the concentration of
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reaction products could build within the narrow zones and inhibit the
replenishment of fresh reactive gas within those narrow zones, and
thereby reduce the vertical etch rate. A SEM photographs of a zone
plate pattern with polymer in between the narrow outer zones, but
etched to the plating base in the open areas is shown in Figure 2-9.
These illustrate the reduced vertical etch rates in the higher
aspect-ratio sections of the zone plate patterns.
A brute force solution to the reduced etch rate in the narrow,
high aspect-ratio sections is to extend the etching cycle until the
gold plating base had been uncovered over the entire zone plate
pattern. The extended etching does eventually remove the polymer in the
regions between the narrow outer zones. However, during the extended
etch the earlier exposed gold plating base tends to be sputtered and
coat the polymer pattern. Figure 2-10 shows SEM photographs of a sample
at successive points in the etch cycle, showing uncovering of the gold
plating base with increased etching. (The lighter regions, on the floor
of the pattern, are areas where the gold plating base is exposed. The
brightness of the aluminum mask pads, on top of the polymer pattern, is
due a conductive path to the base, thought to be sputtered gold from
the plating base.) During the electroplating step, the sputtered gold
provides a conductive path that permits the gold to plate onto the
sidewalls as well as the base of the pattern. Figure 2-11 shows SEM
photographs of a sample that underwent an extended etch and was placed
into a gold plating solution and electroplated for 5 minutes. The gold
deposited onto the pattern base and sidewalls and peeled away from the
sidewalls due to internal stresses in the plated gold. A detailed
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Fiaure 2-9. SEM photographs showing
a non-uniform etch rate
as a
function of pattern geometry.
This shows polymer remaining within the
narrow outer zones, while
removed completely in the open areas of
the
pattern. A thin layer of polymer
appears as dark regions in between
some of the zones.
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Figure 2-10. SEM photographs showing
polymer remaining in some areas of
the pattern, while removed in the open areas. The lighter regions of




Figure 2-11. SEM photographs of the previous sample after 5 minutes of
gold electroplating. This shows a thin layer of gold peeling down the
sidewalls of the pattern. Sputtered gold from the exposed plating base
provided a conductive path for plating on the sidewalls of the pattern.
The internal stresses in the plated gold caused a thin layer to peel.
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energy dispersive x-ray analysis (EDX) of this sample was made using a
Cambridge 180 Stereoscan SEM with a Kevex 7000 EDX system. The analysis
indicated that the peeled polymer regions had a high gold concentration
when compared with either the remaining polymer regions or the aluminum
mask pads on top of the polymer structures. We surmise that during the
electroplating process, a layer of gold plated on the polymer
sidewalls, and that the internal stresses in the plated gold caused the
sidewalls to peel as shown. More information about the SEM EDX
elemental analysis will be provided in Appendix 2-1.
To eliminate the sputtering of gold onto the pattern, a chrome
etch-stop layer is evaporated on top of the gold plating base prior to
applying the polymer layer. With earlier samples, the polymer had been
applied directly onto the gold plating base. Currently, the polymer is
applied to the chrome etch-stop layer, which is evaporated on top of
the gold plating base. Although the chrome etch-stop layer does undergo
some sputtering during the extended RIE of the polymer, this does not
lead to problems in the subsequent gold plating step. The removal of
the chrome etch-stop layer prior to the gold electroplating, initially
caused some problems due to the susceptibility of the thick, high
aspect-ratio polymer patterns to damage during wet processing. These
problems along with their solutions are discussed in detail in the
section on chemical incompatibility which follows.
In summary, we observed experimentally that the RIE etch rate of
the polymer was not uniform over zone plate pattern. The primary cause
of this was the non-uniform etching within the thick, high aspect-ratio
sections as compared with the open areas of the pattern. The solution
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to the non-uniform etch rate was to extend the etching cycle, with the
inclusion of a protective chrome etch-stop layer over the gold plating
base.
Section 2.4 (c) - Surface Texturing - Detailed Discussion
Under optimal conditions, the RIE process etches the unmasked
polymer surfaces in a relatively uniform fashion. This is
illustrated
in Figure 2-12. This SEM photograph is of a sample that has been etched
in the RIE system, down to the base. However, when there are exposed
metal cathode surfaces, the reactive ion etch process can sputter metal
from such surfaces and re-deposit it onto the polymer. At the sites
where the metal deposits, the etching of the polymer is inhibited and a
surface texturing or
'grass'
forms. This surface texturing is shown in
the SEM photographs of Figure 2-13. We found that once the surface
texture or
'grass'
forms, it persists through continued etching of
the
sample down to the chrome etch-stop layer. Figure 2-14 is a SEM
photograph of a sample with surface texturing that has been etched
to
the pattern base metal.
The formation of the surface texturing can be significantly
reduced by covering the
exposed metal cathode with a polymer, such as
Lexan or polyimide. The polymer covering
prevents the metal cathode
surface from being sputtered onto the
polymer sample. With the
inclusion of these polymer coverings, it is possible to etch thick,
high aspect-ratio polymer zone
plates as shown in Figure 2-15. This is
a SEM photograph of a polymer zone
plate pattern 85 ym thick, with a
Sr of 30 ym, etched down to the
chrome etch-stop base. Since the
polymer coverings are
also etched during the RIE process, they must be
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Figure 2-12. SEM photographs of a sample at an intermediate point in
the RIE cycle. The floor of the pattern is uniformly being etched and
is free of systematic surface defects.
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Fiaure 2-13. SEM photographs
of a sample with
surface texturing or
'ar-ass'. The fine structure appears
when metal in the RIE system, at
p notential is sputtered off
and falls onto the polymer surface.
ThissPuttered metal loyally inhibits further etching
of the polymer.
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Figure 2-14. SEM photographs of a sample with surface texturing or
'grass', even after the polymer is etched to the floor of the pattern.
The surface texturing would remain within the pattern, even with
extended etching times.
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replaced periodically to prevent
'grass'
formation at a time late in
the etch cycle.
We observed an interesting phenomenon which serves to support the
sputtered metal hypothesis for the formation of surface texturing and
the existence of local field effects. This is illustrated in Figure
2-16. These SEM photographs show the non-uniform formation of
'grass'
through the zone plate pattern. There is an absence of the
'grass'
in
the regions between the narrow outer zones, in between the radial strut
sections of the inner zones, and adjacent to the outer zone.
Non-uniform
'grass'
formation was found to occur only when texturing
begins after the high aspect-ratio has already been established (eg.
When the polymer covering is not renewed at the proper interval, the
covering etches away, exposing the cathode surface, and causing surface
texturing to form late in the RIE cycle.) These observations support a
model in which the local fields resulting from charge buildup in the
high aspect-ratio channels affects the distribution of the sputtered
metal on the polymer surface.
To summarize, exposed metal surfaces at cathode potential can
sputter metal onto the surface of the sample and inhibit further
etching of the polymer. This sputtered metal causes a texturing of the
pattern floor that resembles fine cilia or 'grass'. This problem is
eliminated by covering the exposed metal cathode surfaces with a
polymer.
Section 2.4(d) - Chemical Incompatibility - Detailed Discussion
As seen earlier, the use of a chrome etch-stop layer between the
polymer and the gold plating base serves to minimize the problems
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Fiaure 2-15. SEM photographs of a
sample etched to the bottom of the
Pattern and free from surface texturing or 'grass'. This polymer
plating mold
was used to produce the thick







Fiqure 2-16. SEM photographs of a
sample with uneven surface texturing,
The non-uniform surface texturing
occurred late in the RIE cycle,
leaving the regions in




associated with the non-uniform etching of the zone plate pattern.
However, the subsequent removal of the etch-stop layer prior to gold
plating can lead to problems, because of the vulnerability of the high
aspect-ratio polymers to chemical processing. In particular, it was
found that the use of wet chemical etchants and rinses at elevated
temperatures can cause the polymer zone plate patterns to soften, lean
or lift from the support base. These processing problems are
illustrated in the next Figures 2-17 and 2-18. Figure 2-17 shows a SEM
photograph of a softened SLVEM zone plate pattern after it had been
placed in an elevated temperature aluminum etchant to remove an
Aluminum etch-stop layer. This etchant, a phosphoric-nitric acid based
solution, was used at 45C. It's use resulted in a loss of zones due
to softening of the polymer pattern and a lifting of the zones from the
plating base. Figure 2-18 shows SEM photographs of SLVEM zones which
have been lifted from the metallized substrate after the sample had
been placed in a eerie ammonium nitrate(CAN) -nitric acid based chrome
etchant. In this pattern failure, the etchant removed the chrome
beneath the zone, resulting in a loss of adhesion and lifting from the
plating base. Details of the etchants
and etching conditions for
Figures 2-17 and 2-18 are included in Appendix 2-2. (It should be noted
that polyimide used as the plating mold polymer is more robust and
somewhat less vulnerable to these wet chemical etching problems than
the SLVEM.)
The solutions to the problems associated with wet chemical etching
were two-fold: first we reduced the wet processing
steps to a minimum;
second, when wet chemical etch
processes were required, we employed
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Fiaure 2-17. SEM photographs





C. The pattern lifted from the plating base
in some regions and adjacent
zones are seen leaning together, as a
result of softening at the
elevated temperature of the etchant.
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Fiaure 2-18. SEM photographs
of a sample placed into a chrome
etchant
to remove the etch-stop
layer. The etchant flowed under the zones and
caused them to lift from the plating
base.
47
etch solutions that were chemically less active. In particular, to
remove the chrome etch-stop layer before plating, the following
procedure was used. A dry etch process, argon ion milling, was employed
until the gold plating base became barely visible through the chrome.
(The argon ion milling was halted prior to completely removing all of
the chrome from the pattern. It was halted at this point, so as to not
expose the gold plating base and encounter the same problems that
initiated the use of the chrome etch-stop layer. Details of the argon
ion milling parameters are described in Appendix 2-3.) The remaining
etch-stop metal was removed in a eerie ammonium nitrate-acetic acid
based chrome etchant. This etchant did not exhibit the same
undercutting tendencies as did the eerie ammonium nitrate - nitric acid
based etching solution. After the chrome removal, the aluminum mask
pattern was removed with a phosphoric-acetic-nitric acid based aluminum
etchant at room temperature. This procedure allowed the successful
production of thick, high aspect-ratio polymer (SLVEM and polyimide)
zone plate patterns with an exposed gold plating base ready for
electroplating. Figure 2-19 shows a SEM photograph of a polyimide
pattern 105 ym thick with a 30ym 6r, etched and ready for
electroplating.
In summary, thick, high aspect-ratio polymer patterns are delicate
and can easily be damaged during the wet chemical processing steps
prior to gold plating. Damage to the pattern is minimized by using
argon ion milling to remove the chrome etch-stop layer, thereby






Figure 2-19. SEM photographs of a sample that had the Aluminum etch
mask pads and the Chrome etch-stop layers successfully etched, without
damage to the pattern. This sample is 105 ym thick with a 30 ym
minumum zone width.
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Section 2.4(e) - Stress In Plated Gold - Detailed Discussion
Stress in the plated gold was the the ultimate limiting factor in
the fabrication of thick, zone plate coded apertures. While it was
possible to fabricate polymer forms 150-200 ym thick, stress in the
plated gold limited the thickest electroplated gold zone plate to
75 ym. Internal stresses in the plated gold caused the patterns to
curl and lift from the glass substrate. The lifting and curling of the
gold pattern, from the glass substrate, was initially thought to be an
adhesion problem between the chrome-gold plating base and the glass.
Measures were taken during the metallization to ensure good adhesion
between the glass and the chrome-gold plating base. However, this did
not eliminate the problem. Figure 2-20 shows a thick, gold-plated
sample, in which the stresses in the plated gold caused it to curl and
lift up, removing a thin layer of the glass substrate along with the
circular gold pattern. (A brass hold-down fixture is used to keep the
plated gold pattern flat, against the glass, during the electroplating
as shown in Figure 2-21. The stressed gold tends to curl up and tear
along the inner edge of the
hold-down fixture, giving it the
curled-disk-like shape of Figure 2-20.) Figure 2-20(a) shows the sample
photographed from the front and Figure 2-20(b) shows the view from the
rear side of the pattern. Note the replication of the pattern in the
glass substrate where a thin layer of the glass
has lifted from the
base. SEM photographs of the same highly stressed zone plate sample are
presented in Figure 2-22. In Figure 2-22(b), pieces of the top layer of
the glass substrate that have lifted along with the plated gold can be
seen. Clearly, the plated gold zone plate




Figure 2-20. Optical photographs of a highly stressed, electroplated
gold zone plate that has curled and torn away from the support glass.
The tearing up of the gold is not an indication of poor adhesion of the
gold plating base to the glass. The excellent adhesion
of the plating
base to the support glass is evident in (b), as illustrated by the zone




Figure 2-21. Photographs of the brass fixture used to hold down the
sample during electroplating. The sample was electroplated until signs
of peeling were noticed, and then placed inside the fixture. The
outside of the hold-down fixture was covered with a polymer to prevent
plating on the brass surface.
52
is highly stressed and inadequate adhesion between the substrate and
the plating base is not the problem.
Although a detailed study of the plating chemistry was not
undertaken, it was consistently noted that there was a good correlation
between stress in the gold and the brightness of the plated sample. The
optically bright gold, under SEM examination, appeared uniform and
flat, indicative of the fine-grain deposit as seen in Figure 2-23(a). A
grainy, gold plated sample is displayed in SEM photographs of Figure
2-23(b). (Some slight overplating of the gold over the polymer mold can
be seen.) The optically bright sample of Figure 2-23(a) is 33 ym
thick and is the same highly stressed sample discussed earlier and
shown in Figure's 2-20 and 2-22. The grainy gold sample of Figure
2-23(b) is 75 ym thick, and did not curl and lift from the glass
substrate.
In the fabrication of thick zone plate coded apertures, a solution
to the internal stress problem in the plated gold must be a first
priority in future work. The polymer zone plate patterns produced were
75-150 ym thick, while the thickest gold zone plate was only 75 ym.
A solution to the stress problem would immediately permit the
production of zone plate coded apertures twice as thick as those
currently produced. A number of
possible solutions to the stress
problem have been proposed. Among the techniques proposed, was
annealing the sample by heat treating
the gold zone plate to 200 C
to relieve stress in the plated gold.
This could be done at
intervals during the plating process, until the final gold thickness is




Fiaure 2-22. SEM photograph of the highly
stressed sample shown in
Fiqure 2-20. The sample was placed inside the
brass hold-down fixture,
but internal stresses in the gold
caused it to tear along the inner
edge and lift from the glass support.
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Figure 2-23. SEM photographs of the center zones of two zone plates.
The pattern with the smooth plated surface (a) is the highly stressed
sample shown in Figures 2-20 and 2-22. The other pattern (b) has a
rougher, grainer gold deposit and did
not exhibit the same peeling due
to stressed gold. Some regions of thin overplating
of the gold can be
seen in this sample, shown also in Figure 2-2.
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low curing temperature (60C), appears to have merit for polyimide
zone plate patterns (cure temperature - 300 C). In addition, other
gold plating solutions, reported to produce inherently low stress, are
being investigated. A particular gold plating solution, identified as
having such properties, is Dequest - 305M made by the Monsanto
Corporation. An important requirement for any new, low-stress, plating
solution is that it have the ability to plate within the high
aspect-ratio, high resolution polymer patterns. (Zone plate patterns
with minumum linewidths of 5 - 30 ym, and good edge and sidewall
definition are required.)
In summary, the internal stress in the plated gold is presently
the ultimate limit in the fabrication of thick zone plate coded
apertures. This stress causes the pattern to curl and lift from the
support base prior to achieving the desired gold
pattern thickness. A
solution to this stress problem is a first priority for future work in
thick coded aperture fabrication.
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Section 3
Experimental - Coded Aperture Testing
Section 3.1 - Introduction
As indicated earlier, zone plate coded imaging has been used to
record x-ray (3-30 keV) and charged particle (3.5 MeV D-T alpha
particle) emissions from laser fusion targets. With the improved
performance that is anticipated from advanced laser fusion targets,
imaging experiments relying on these
"low"
energy x-ray and charged
particle emissions are no longer viable because increased target
density at compression will not allow such radiation to escape the
target. It is, therefore, necessary to look to higher energy x-ray and
charged particles to probe the compressed core of advanced targets. New
imaging techniques appropriate to these higher energy regimes are
required. Zone plate coded imaging (ZPCI) can be used to advantage in
high energy imaging experiments, because of the significant collection
solid angle improvement it provides over a pinhole camera of equivalent
resolution. Among the new experiments proposed are i) imaging the
region of thermonuclear burn using the 14.7 MeV proton emission from
D-He fusion reactions and ii) high energy (30-100 keV) x-ray flash
radiography of the compressed core of cold, high density targets. X-ray
flash radiography can provide information about the size,
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geometry and stability of the compressed core of advanced laser fusion
targets.
Imaging high energy x-ray and charged particle emissions from
laser fusion targets requires thicker zone plate coded apertures to
produce the high contrast shadowgraphs necessary for producing images
with good S/N. This requirement provides the motivation for the
fabrication of thick zone plate coded apertures, discussed in great
detail in Section 2. The successful fabrication of thick coded
apertures has allowed us to perform coded imaging test experiments
using 100 keV x-rays and 6-10 MeV protons.
The goal of these
experiments was to test the point response and imaging performance of
the thick coded apertures using high energy x-rays and charged
particles.
This chapter provides a detailed discussion of the coded imaging
test experiments along with an analysis of
the results. Section 3.2
presents a detailed description of the x-ray and proton
test
experiments including discussions of the source,
the shadowgraph
recording geometry and recording medium,
and the coded image processing
details leading up to the optical
reconstruction of the data. Section
3.3 reviews both x-ray and proton image
data from the test experiments.
It discusses details of the
optical reconstruction process including
the film processing and microdensitometry
of the photographically
recorded point response images.
Section 3.4 discusses the imaging
results and the implications for zone plate
coded imaging as a
diagnostic for advanced laser fusion
experiments.
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Section 3.2 Results - Test Experiments
The thick zone plate coded apertures were tested using high energy
x-rays (100 keV) and protons (6 and 10 MeV). There were three specific
motivations for these test experiments. It was necessary to demonstrate
that the thick zone plate has sufficient opacity to produce high
contrast shadowgraphs of high energy x-rays and protons. It was also
important to test the point response of the coded imaging system to
determine whether it was diffraction limited or fabrication limited.
This was a matter of concern, because the performance of a coded
imaging system depends strongly on the precise geometry of it's
coded
aperture. The point response test was the most effective way to verify
that the fabrication process had not distorted coded aperture
geometry.
In addition, these experiments provided a vehicle for the
development
of detection procedures leading to high resolution, high contrast
shadowgraphs of high energy protons. In particular,
techniques were
developed to reproduce the proton shadowgraph (which
consisted of a
distribution of shallow conical pits in the optically clear
nuclear
track detector plastic) as a high
contrast shadowgraph appropriate for
optical reconstruction.
As indicated above, the series of
coded imaging test experiments
was conducted using 100 keV x-rays,
6 MeV and 10 MeV protons. These
three different experimental series
had a number of features in common:
i) each used
monoenergetic radiation
sources (AE/E 1), ii) the
source size was finite (diameter
< 0.1-1.25 cm), and iii) the coded
aperture was placed in intimate
contact with the shadowgraph recording
medium (ie. image distance [S2] object distance [S^)
to
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simulate point source imaging conditions. The remainder of Section 3.2
is divided into two subsections, 3.2(a) and 3.2(b), which provide
specific details on the (a) x-ray and (b) proton test experiments.
Section 3.2(a) - 100 keV X-ray Test Experiment
The experimental geometry for the 100 keV x-ray imaging test is
illustrated in Figure 3-1. The source was a filter-fluorescer-pair
x-ray generator located 75 cm from the zone plate coded aperture, which
was in intimate contact with the recording medium. The coded aperture
and recording medium were located within a metal enclosure, illustrated
in Figure 3-2. This enclosure had provisions for up to 6 recording
medium samples, each of which could be individually positioned behind
the zone plate during irradiation. (A 7.5 X10 cm Be foil was placed
between the coded aperture and the recording medium to exclude visible
light exposure). The zone plate was brought into intimate contact
(through the Be foil) with the coded image recording medium
(ie. S? S-.) to simulate
point source imaging conditions. This
condition had the effect of source demagnification in the image
reconstruction, thereby simulating a point
source imaging experiment. A
Sodium Iodide x-ray detector with a 0.08
cm diameter entrance aperture
was located 184 cm from the source.
This detector measured the x-ray
flux (photons/cm2) from the source and was
used as a calibration
monitor to infer the exposure level
required for the recording medium
samples.
The source used for the x-ray test
experiment was the Picker X-ray
Exposure Facility at
LLNL.16
This is a filter-fluorescer-pair x-ray
source that uses the emission from a

















Figure 3-1. Schematic drawing of the 100 keV X-ray experimental
geometry. This figure shows the relative positions of the components,
including the filter/f luorescer x-ray source, lead collimator, and
contact exposure fixture housing the zone plate, filters and detector
x-ray film. The distance from the source
to the zone plate and detector
is 75 cm. The diameter of the filter/f luorescer x-ray source is
12.5 mm. This drawing is not to scale.
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-39 Phntnaranhs of the contact
exposure fixture used for both
th9eUxe-ra;
and^pro'ton'tL? experiments.
This fixture had provisions for
exposing up
to 6 detector samples.
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fluorescent emission from an appropriately chosen material. The
fluorescer x-ray emission is filtered by an appropriately chosen foil
material which serves to narrow the bandwidth of the emitted x-rays. In
the experiment under discussion, the specific fluorescer material was
Uranium while the matched filter material was Thorium. The Tungsten
anode was driven by a 30 mA beam of 150 kV electrons. The peak of the
Uranium K emission was at 98.4 keV. The Uranium fluorescer
a
material was an ellipse (1.85 cm major axis, 1.25 cm minor axis) at
45
to the beam axis, with a circular projected area 1.25
cm in
diameter. The x-ray emission was collimated
through an aperture in the




aluminum filter was added to the beam path, reducing the low energy
x-ray transmission by a factor of
10"5
at 10 keV (thereby ensuring
that the shadowgraph exposure had no significant
contribution from low
energy x-rays). This
additional aluminum filter did not significantly
reduce the x-ray flux at 98.4
keV (T= 90% at 98.4 keV).
The coded aperture used for the x-ray
and the proton test
experiments is shown in Figure 2-2. It
was fabricated using the methods
outlined in Section 2. It's
characteristics are :
Material : electroplated gold
thickness (t) : 75 ym
number of zones (N) : 100
minimum zone width (Sr) : 30 ym
radius (r1Q0) : 6 mm.
Figure 3-3 is a plot of the
calculated x-ray
transmission through a
gold foil 75 ym thick, over
the range of 1-150 keV.
The transmission
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X-RAY ENERGY ( KEV )
Figure 3-3. Plot of the calculated x-ray
transmission through 75 ym
of gold, for x-ray energies from 1 kev to 150
keV. Note the gold Kg
absorption feature at 80.9 keV.
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at 100 keV is 48 %, sufficiently low to allow high contrast shadowgraph
production of small sources. However, just below the Au Ka edge at
80.9 keV, the transmission is 85 %. X-ray imaging at this energy would
produce shadowgraphs of significantly reduced contrast, and
reconstructed images of significantly reduced S/N.
The recording medium for the x-ray test experiment was Eastman
Kodak Type AA, single sided x-ray film. The film was cut into circular
disks in order to accommodate the holder, shown in Figure 3-2. As
stated above, a 7.5 X
10"3
cm thick Be foil was placed between the
coded aperture and the film to ensure that image density was due to
x-rays and not visible light. The film was handled under a Wratten No.
6B safelight, as specified by Kodak, during loading and processing.
The x-ray exposure at the shadowgraph film was chosen to yield a
peak film density of = 1.0D. This required a 100 keV x-ray exposure
3 2 17
of 4 X 10 ergs/cm . Details of the exposure calculation and
film processing parameters are given in Appendix 3-1. The processed
coded image data was transferred onto high resolution glass plates in
preparation for the optical reconstruction. The coded image was first
contact printed onto a flexible base, high resolution film (Kodak type
SO 343) using a distant point source of light to reproduce the high
resolution detail in the coded image. This intermediate image was then
contact printed, with preferred polarity (open central zone), onto high
resolution glass plates, (KR High Resolution glass plate). The 100 keV
x-ray coded image transparency, ready for optical reconstruction, is











Figure 3-4. Photograph of the 100 keV x-ray coded image transparency
used for the optical reconstruction step. The zone plate has a 50%
transmission, in the solid regions, to 100 keV x-rays. The background
density in the pattern is due to the high fractional transmission of
the gold.
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Section 3.2(b) - 6 MeV and 10 MeV Proton Test Experiment
The experimental geometry for the 6 MeV and 10 MeV proton imaging
test is shown in Figure 3-5. The proton source was the LLNL Cyclograff
Facility which produces a collimated proton beam, nominally 0.1 cm X
0.1 cm (rectangle) in size. The beam was directed onto a thin gold
foil, and the Rutherford scattered protons were used to expose the
recording medium through the coded aperture. The enclosure that held
the coded aperture and recording medium in the x-ray test experiment
was also used for the proton tests. As seen in Figure 3-5, the coded
aperture housing was at
+45
to the scattering foil. A silicon
surface barrier detector at to the proton beam was used as a
reference, to monitor the proton exposure during the experiment. During
exposure, the zone plate was in close contact (through a series of
metal and plastic foils) with the coded image recording medium (ie.
image distance [S?] object distance [S-,]), in order to
simulate point source imaging conditions. As discussed above, this had
the effect of demagnifying the source in the optical reconstruction,
thereby simulating a point source imaging
experiment.
The LLNL Cyclograff facility used in these proton test experiments
is a fixed energy cyclotron coupled to
a variable energy Van de Graff
accelerator. The system is capable of operating the two accelerators
separately or in tandem, to
produce a proton beam which may be varied
in energy from 200 keV to
27
MeV.18
In these experiments, the proton
beam was apertured (0.1 cm X 0.1 cm for the 6 MeV
experiment and 0.1 cm
X 0.3 cm for the 10 MeV experiment)
and directed into an experimental
chamber, where the imaging tests were
conducted. The beam was directed
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Figure 3-5. Schematic drawing of the 6 MeV and 10 MeV proton
experimental geometry, showing the incident proton beam, the gold
scattering foil, flux detector and contact exposure fixture. The
diameter of the scattering chamber was 60 cm, with a scattering foil at
the center. The distance from the scattering foil to the flux detector
and the zone plate/detector medium was 30 cm. The distance from the
zone plate to the detector was 7.5 X
10"3
cm for the 6 MeV proton
test and 8.5 X 10_z cm for the 10 MeV proton test. CR-39 nuclear
track detector was used to record the proton zone plate shadow pattern.
This drawing is not to scale.
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at normal incidence onto a thin, gold scattering foil (approximately
1000A thick) at the center of the chamber. The Rutherford scattered
protons emerged from the gold foil with an angle-dependent energy
1 9
spectrum, as indicated in equation (3-1).
Epf







= final energy of the incident proton after scattering
E . = incident proton energy
m i
= mass of incident proton
m 2
= mass of target (gold) ion
\\> = proton scattering angle (measured relative to the
incident beam direction)
In cases where m 2 m i, such as protons scattered from
gold, Equation (3-1) reduces to:
(3-2)
1 - COS l|J
So then, an approximately
monoenergetic proton beam of appropriate
energy is available
to the detector situated at the appropriately
chosen scattering angle. In our case,
the housing containing the coded
aperture and recording medium was
placed at
+45
to the incident beam
direction. The incident beam energy was 6.018
MeV (10.030 MeV) to
provide the 6 MeV (10 MeV) scattered
protons for the imaging tests.
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(The reference detector was placed at -45to the beam, to monitor
the proton flux at the same energy.)
The coded aperture used for the proton test experiment was the
same as that used for the x-ray experiment discussed in section 3.2(a).
The gold zone plate, 75 ym thick, was not by itself sufficient to
completely stop the 6 MeV and 10 MeV protons used in this test
experiment. It was therefore necessary to introduce filters between the
coded aperture and the detector. These filters stopped the protons
which passed through the solid zones of the coded aperture, before they
reached the CR-39 track detector. The filter foils also slowed down the
protons passing through the open zones, but did not stop them
completely. The coded aperture and foil configurations for the 6 MeV
and 10 MeV proton test experiments are shown in Figure 3-6. Also shown
in this figure are the calculated estimates of the proton slowing down
and scattering effects due to the filter foils.
In the 6 MeV proton experiment, a Be foil, 75 ym thick, stopped
all the protons passing through the solid zones. The foil slowed only
slightly (to 5.2 MeV) those protons passing through the
open zones and
provided only moderate modification of their trajectories
(6-2 (6 is the root -mean-square displacement
(standard deviation) of a proton's trajectory, at the CR-39 detector
surface, due to scattering within the
filter foil. 68% of the scattered
protons remain within the displacement envelope <5.) In the 10 MeV
proton experiment, additional foils were necessary to stop the protons
passing through the
solid zones (450 ym Be and 400 ym Cr-39 track
detector). As a result of the thicker foils, a much greater degree of
70








Figure 3-6. Schematic drawing of the filter foil and detector geometry
for the 6 MeV and 10 MeV proton tests. The filter foil for the 6 MeV
proton test was Be, 75 ym thick. The filter foils for the 10 MeV
proton test were 450 ym of Be and 400 ym of CR-39 plastic track
detector. This drawing is not to scale.
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proton scattering took place (<5 - 80 ym). This resulted in a
decrease in coded image edge definition (zone modulation was lost
beyond the n = 53rd zone), and caused a loss of resolution in the
optically reconstructed image. Figure 3-7 shows the coded images
recorded for the 6 MeV and 10 MeV proton tests. The loss of edge
definition due to proton scattering in the filter foil is clearly
evident for the 10 MeV case. In order to overcome this problem, a
thicker gold zone plate is required. This would, in turn, allow the use
of thinner filter foils, resulting in less proton scattering and
overall improvement in image quality.
As indicated above, the recording medium for the proton test
experiment was CR-39, a clear polycarbonate plastic. CR-39 is well
21
documented as a high sensitivity proton track detector. The CR-39
proton detection mechanism consists of bond breaking between polymer
chains along the proton's path through the plastic. The diameter of a
latent damage site along the proton trajectory is of order 100 A. The
proton damage to the CR-39 is made visible by etching the track
material in a Sodium Hydroxide solution (6.25N) at
70
C. The etching
process removes material in the unexposed regions at a bulk etch rate,
Vb, and along the track trajectory at a faster rate,
Vj.. The result
of these two effects is to produce conical ly shaped etched tracks
(diameter of order microns) at the sites where the protons entered the
CR-39.
Each proton test experiment yielded a shadowgraph consisting of a
zone plate distribution of shallow, conical
tracks in the etched, clear








Fiqure 3-7. Photographs of the 6
MeV and 10 MeV proton coded image
transparencies used for the optical reconstruction.
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by varying the proton exposure, as monitored by the reference detector
in the experimental chamber. Exposures were made with flux levels at









It was necessary to enhance the contrast of the etch pits in the
proton shadowgraphs in order to produce high quality (high S/N)
optically reconstructed images. The contact printing method employed
with the x-ray data could not, by itself, sufficiently enhance the
contrast of the proton shadowgraphs. The shadowgraph contrast was
instead enhanced using a dark-field illumination technique described
below. The optical system used for this is illustrated in Figure 3-8. A
high resolution reduction camera with a dark-field illumination system
was employed to replicate the proton data. The lens used was a Nikon
Apochromatic copy lens (focal length
= 60 cm, f/9), with the
magnification set to reproduce the coded image at 1:1. The CR-39 track
detector was illuminated obliquely and photographed against a black
background. This is similar to dark-field optical microscopy, in which
each proton track acts as a scatter center for the light. This process
lead to a high contrast coded image consisting of dark spots (optically
dense) on the clear background. Each dark spot corresponds to the
location of a track in the CR-39. The replicated shadowgraph was
photographed directly onto high resolution glass plates with the
preferred polarity (open central zone), in a single step. Film
processing details are contained in Appendix 3-2.
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Optical Setup for Darkfield Photography

















Figure 3-8. Schematic drawing of the optical setup for the darkfield
photography of the proton track detector coded images. The illumination
board and the copy board are 250 cm X 250 cm and 100 cm apart. The
darkfield stop and mask are 100 cm X 100 cm, with a hole cut in the
mask 2.5 cm X 2.5 cm to hold the CR-39 track detector.
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Section 3.3(a) Discussion - Coded Image Evaluation
Prior to the detailed analysis of the reconstructed images, it is
worthwhile to perform a visual examination of the coded image data.
This can provide information to help us better understand the results
of the image reconstruction. In this discussion, we concentrate on the
following features of the coded images: i) shadowgraph modulation, ii)
zone edge definition, iii) quantum noise in the shadowgraph, and iv)
zone plate pattern defects.
The coded images for the 100 keV x-rays, 6 MeV protons and 10 MeV
protons are illustrated in Figures 3-9(a), 3-9(b), and 3-9(c),
respectively. These figures consist of an optical image of the entire
shadowgraph pattern, an optical micrograph of a sector from the center
to the outer zone, and a microdensitometer trace of the optical density
across the sector, versus radial position. For comparison, Figure
3-9(d) shows the master zone plate pattern used for the fabrication of
the coded apertures, optical micrographs of a typical sector, and a
microdensitometer trace across a typical sector. The microdensitometer
trace was made with a Perkin-Elmer(PDS) model 1010 with a 5 ym square
slit and the data was scanned with 2 ym steps, rastered in the X and
Y directions. The sector was scanned along a radial direction to
produce a computer file of digital data. This was used to produce the
1-D plots shown in Figure 3-9. (The linear scans are not necessarily
across the same sectors as those shown in the optical micrographs of
Figure 3-9.) In the following sections, we investigate the visual
characteristics of the data in Figure 3-9, discuss their causes, and












fc- Radial Position ( microns )
O'")
Figure 3-9(a). Optical micrograph (a11) of a sector of the 100 keV
x-ray coded image transparency, with a 1-D plot (a"') of optical
density versus radial position from the center to the outer zone, and a
photograph (a1) of the entire coded image. The x-ray coded image is
noisy, due to the high fractional transmission through the solid
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Figure 3-9(b). Optical micrograph (b") of a sector of the 6 MeV proton
coded image transparency, with a 1-D plot (b"') of optical density
versus radial position from the center to the outer zone, and a
photograph (b') of the entire coded image. The background noise level
is less for the 6 MeV proton data, compared to the 100 keV x-ray image,
but it is made from fewer quanta (by a factor of 103). The pattern
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Figure 3-9(c). Optical micrograph (c") of a sector of the 10 MeV
proton coded image transparency, with a 1-D plot (c'") of optical
density versus radial position
from the center to the outer zone, and a
photograph (c') of the entire coded image. The pattern was made
with
approximately the same number of
quanta as the 6 MeV proton image, but
the pattern modulation has been reduced because of
scattered protons.
The scattered protons were the result of the
protons having to pass













K- Radial Position ( microns )
(d"0
Figure 3-9(d). Optical micrograph (d") of a sector of the zone plate
master pattern used to produce the gold zone plate, with a 1-D plot
(d'") of optical density versus radial position from the center to the
outer zone, and a photograph (d') of the entire master pattern.
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reconstructed images.
The first of the coded image features to be discussed is the zone
plate pattern modulation above the background. (The modulation is
defined as the average amplitude of the density fluctuations above the
background.) As seen in Figures 3-9(a) and 3-9(b), the 100 keV x-ray
and 6 MeV proton shadowgraphs show easily distinguishable pattern
modulation out to the outermost zone (N=100). In the 10 MeV proton
shadowgraph, pattern modulation is significantly reduced beyond about
the N=53rd zone. The quanta recorded in the outer zone locations of the
10 MeV coded image are scattered and the zone shadow is blurred, so
that the individual zones are not easily distinguished beyond the
N=53rd zone.
Compared to the 100 keV x-ray and the 10 MeV proton data, the
pattern modulation in the 6 MeV proton image is the "cleanest". By that
we mean that the background exposure is low and the pattern is well
defined out to the last zone, N=100. The 6 MeV protons incident on the
solid zones of the coded aperture were completely stopped by the
combination of the 75 ym gold and the 75 ym Be filter foils.
Therefore, shadowgraph exposure was nearly zero in the
"solid"
zone
regions. In addition, the filter foils introduced only negligible
scattering for protons passing through the open zones (RMS scatter was
- 2 ym for the 6 MeV protons through the 75 ym Be foil). The 100
kev x-ray coded image data is noisier due to the
partial transmission
(50%) of the x-rays through the solid (gold)
zones. Although the 100
keV x-ray data on the 1-D linear plot is noisier,
it has modulation in
the pattern out to the last zone. (The 100 keV x-ray data was recorded
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with more quanta, by a factor of 10 , and as a result the image is
noisier. This does not mean that the S/N is lower, since the modulation
in the coded image exposure is also higher.) The 10 MeV proton data has
good modulation in the larger central zones, but beyond the = N=53rd
zone the modulation is reduced due to protons that were scattered from
the absorber filter foils. These foils were needed to compensate for
the long range of the 10 MeV protons. The filter foils stopped those
protons that passed through the solid zones (75 ym of gold) from
producing proton tracks in the CR-39.
From the data of Figure 3-9, we can speculate on the point
response results to be expected in the image reconstruction. In
first-order, the diffraction limited, Airy pattern FWHM, from an ideal
22
zone plate shadowgraph, would be = 1.42 5r. We can expect
diffraction limited results from the 100 keV x-ray and the 6 MeV proton
data, in spite of random pattern defects in the shadowgraph, and
assuming there are no systematic distortions in the zone plate coded
aperture pattern. Such systematic distortions could lead to aberrations
that would ultimately limit image resolution. The 10 MeV proton data,
on the other hand, may be expected to have a first-order Airy disk FWHM
of - 1.42 6r', where
&r'
is the width of the last zone that has
good modulation above the background.
The next feature of the coded image to be discussed is the
pattern
edge definition of the zone plate shadow. The edge definition or zone
resolution in the 100 keV x-ray and 6 MeV proton data is
much better
than that in the 10 MeV proton data. This conclusion is based on an
examination of the optical micrographs and the microdensitometer
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1-D plots of Figure 3-9. The slopes of the zone edges for both the 100
keV x-ray and 6 MeV proton data are very nearly vertical. The high
quality edge definition in the 6 MeV proton data is consistent with the
calculated RMS proton scatter through the filter foils of = 2 ym.
In the 100 keV x-ray data, the edge definition is more difficult to
appreciate, due to the high background exposure through the solid
regions of the coded aperture. The sharp edge definition of the 100 keV
x-ray pattern is to be expected due to the absence of x-ray scattering
or penumbral blurring in the shadowgraph recording process. The reduced
edge definition of the 10 MeV proton data is visible in the
densitometer trace of Figure 3-9(c), and the higher magnification
optical micrographs of Figure 3-10. These images show the pattern edge
definition at = N = 53rd zone for the 6 MeV proton and 10 MeV proton
track detectors. The 10 Mev proton edge definition was seriously
degraded in the exposure process by scattering from the gold coded
aperture and the filter foils as discussed above.
As stated above, the size (FWHM) of the first-order reconstructed
point response depends on the minimum zone size (ie. 6r) of the
shadow pattern. A zone plate pattern of sufficient edge resolution can
also be reconstructed in higher order with an increase in the spatial
resolution. (In mth order reconstruction, the point response FWHM is
reduced by the factor 1/m.) The success of
higher order reconstruction
depends upon the edge definition of the shadowgraph and the S/N ratio
of the recorded coded image data. The high
resolution information
needed to reconstruct in higher order is stored in the
high spatial
frequency components of the pattern. The











Figure 3-10. Optical micrographs of a section of the 6 MeV and 10 MeV
proton track detector coded images. The pattern modulation in the 10
MeV proton image has been reduced by the scattered protons. The 6 MeV
proton pattern modulation is easily seen in all the zones of the
pattern. The distribution individual proton tracks that make up the
zone plate shadow can be seen in these optical micrographs.
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the zone edges in the coded images, therefore, can help predict the
success with which higher order images can be reconstructed. On the
basis of our previous discussions, we would expect the 100 keV x-ray
and 6 MeV proton data to achieve greater resolution in higher order
reconstruction than the 10 Mev proton data. The resolution of the 10
MeV proton data will be worsened, in first-order due to the larger
minumum zone size,
6r'
, and in higher order, due to the poor edge
resolution of the zone shadow. Both these resolution loss phenomena
arise from the proton scattering effects discussed earlier.
The next coded image feature for discussion is the quantum noise
in the shadowgraphs used for image reconstruction. The zone plate coded
images are made up of a collection of discrete quanta randomly
distributed within the zone plate shadow pattern. As a result, there
are local fluctuations in the shadowgraph transmission (and density)
which lead to random intensity fluctuations (ie. noise) in the
reconstructed images. In the coded images under discussion, there are
specific phenomena which serve to enhance the quantum noise and reduce
the overall S/N in the reconstructed image. These phenomena are: i)
proton scattering in the filter foils which
spreads the zone plate
shadow into adjacent,
"opaque"
zone regions and ii) the finite
transmission of the 100 keV x-rays through the solid zones of the coded
aperture. The proton scattering, since it adds no quanta to the
shadowgraph, does not increase the noise
but does reduce the total
image signal. The x-ray transmission through
the gold, on the other
hand, serves both to add to the
overall noise by adding quanta to the




Optical micrographs of the 6 MeV and 10 MeV proton data, shown in
Figure 3-10, illustrate the quantum nature of the shadowgraph patterns
and the scattering effects in the outer zones of the 10 MeV proton
coded images. The 6 Mev proton shadowgraph in Figure 3-10 clearly
illustrates the random distribution of track sites which make up the
coded image. The scatter in the proton track distribution is much
greater in the 10 MeV proton data than the 6 MeV data. This can be
expected to degrade the S/N in the reconstructed image of the 10 MeV
proton source. The 100 keV x-ray coded image was produced with a factor
3
of - 10 more quanta than either of the proton exposures. This, in
principle, leads to a better definition of the zone plate shadow, and
an improvement in the image S/N can be expected. However, the high
background exposure due to the 50% transmission through the gold zones
of the coded aperture does serve to reduce somewhat the S/N of the 100
keV x-ray reconstructed image.
Another important feature of the coded images are the
random
pattern defects caused by random errors or defects in the coded
aperture or image recording process. From the
full pattern photographs
of Figures 3-9(a), 3-9(b), and 3-9(c), large scale
non-uniformities in
the optical transmission of the coded
images can be seen. In the 100
keV x-ray coded image, these defects
are the darker areas, due to
reduced x-ray
transmission in some regions of the N=2 zone and the
centers of the outer zones. In the 6 MeV
proton data, these correspond
to regions of lower track density, but
with larger track size, and
appear as lighter regions in the pattern
image. In the 10 MeV proton
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data, these are regions where tracks are not recorded and appear as
lighter regions in the pattern image. The large scale pattern defects
are due in all cases to gold plating non-uniformities during the
fabrication of the coded aperture. These plating non-uniformities
caused a thin (= 2-4 ym thick) layer of gold to cover the open zone
regions of the coded aperture in a small number of localized sites. For
the x-ray data, this resulted in a reduced x-ray transmission, and a
reduced exposure in those overplated "open
zones"
regions. For the
proton shadows, the effects of the overplated gold are more
complicated. In the 6 MeV proton experiment, the overplated gold slowed
down (slightly) the incident protons and scattered them. These slower,
scattered protons produced larger (because of reduced proton
24
energy) , randomly distributed tracks in the CR-39 as can be seen in
Figure 3-9(b). In the 10 MeV proton experiment, much thicker absorber
filter foils were used to stop the protons that leaked through the
thick gold. The filter foils were sufficiently thick to reduce the 10
MeV protons to = 1.2 MeV. The additional gold in the overplated
regions was enough to completely stop those protons before they could
reach the CR-39. So then, the overplated open zone regions appear as
unexposed, clear regions in the pattern in Figure 3-9(c).
The random defects in the coded image shadowgraphs can reduce the
S/N in the reconstructed images, but in general will not affect
resolution. Diffractive optical systems are wery tolerant of random
pattern defects. The localized, random pattern defects reduce the
effective area of the coded aperture which
contributes to the image.
These random pattern defects do not degrade the pattern periodicity,
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and therefore, will not adversely affect image resolution. In the coded
image data under discussion, the total defect area of the pattern is
much smaller than the total area of the pattern that is defect free.
Thus, the overall S/N loss in the reconstructed image will be small.
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The next section describes the optical reconstruction and
post-processing of the coded image data we have just analyzed. Included
in the next section is a discussion of the imaging results.
Section 3.3(b) Results - Image Reconstruction
The coded images from the 100 keV x-ray, 6 Mev and 10 MeV proton
exposures were optically reconstructed using the setup illustrated in
Figure 3-11. The optical components used in the reconstruction are i) a
low power (- 10 mW) HeNe laser (X = 0.6328 ym), ii) a spatial
filter (5ym pinhole with 40X/0.35 NA objective lens), iii) a beam
expanding/coll imator lens (f=25 cm, d=7.5 cm), iv) the coded image
transparency, and v) the reconstructed image recording film. The image
reconstruction uses a spatially filtered HeNe laser beam. The beam is
expanded and collimated with a spherical lens, to produce a plane
wavewith a diameter larger than the coded image field. (The lens used
is an achromat, 25 cm focal length with a diameter of 7.5 cm,
corrected
to better than A/8 at 0.550 ym.) The zone plate
coded image is
placed in the collimated beam and focuses the light at the
reconstruction plane. A high resolution, Lippman type, AgBr
photographic emulsion on glass is placed at that plane to record the
image.
A single Fresnel zone plate shadow, when illuminated with a plane,
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Optical Reconstruction Setup





Figure 3-11. Schematic drawing of the optical reconstruction setup,
showing the HeNe laser, spatial filter, collimating lens, coded and
reconstructed image planes. A granite table supports the system, to
prevent vibration blurring of the diffraction processes. Typical
reconstruction distances, coded image plane to reconstructed image
plane, are listed in Table 3-1. The reconstructed image is recorded
directly onto a glass plate high resolution emulsion. This drawing is
not to scale.
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monochromatic wave will, under ideal conditions, focus that radiation
into an Airy pattern with a FWHM =1.42 6r/m, where Sr is the
minumum zone width of the coded image and m the image reconstruction
order. This image will focus at dm
= / Am away from the
coded image plane, where dm is the reconstruction distance in
mth
order, r]
is the center zone radius of the coded image, and X the
laser wavelength (0.6328 ym in our case). Coded images with
sufficient contrast and edge definition, will permit higher order image
reconstruction.
For our test experiments, the characteristics of the reconstructed
image have been calculated, and are listed in Table 3-1, for a single










Reconstruction Order (m) 1 2 3 4 5 6 7
d (mm) 569 285 190 142 114 94.8 81.3
m
5m (FWHM) (ym) 43
21 14 11 9 7 6
The reconstructed images are recorded directly onto an AgBr
photographic emulsion placed at the image reconstruction plane. The
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films used to record the images at the reconstruction plane were Agfa
Scientia 8E75 and 10E75 glass plates. These films were chosen for their
high sensitivity at X = 0.6328 ym, high resolution and dimensional
stability. For the reconstructed images recorded on the Agfa films,
a number of different developers are used accommodate a large range of
reconstruction image intensities on a single emulsion type. The
developers used for this are Eastman Kodak D-76 and D-19, Acufine, and
27
POTA. For this thesis work, the low gamma developer POTA was chosen
in order to record as large a dynamic range as possible on the glass
plates. The processing time and characteristic curves for this
film/developer combination used is listed in Appendix 3-3. From these
measured D vs. Log E curves, the reconstructed image exposure, E(x,y),
can be unfolded from the optical density of the film, D(x,y).
After optical reconstruction, the recorded image is digitized with
a PDS 1010 scanning microdensitometer, producing a computer file of
density values, D(x,y). These reconstructed images were digitized with
a 2 ym round scanning aperture, with a 1 ym step size in X and Y.
These values were converted from density to relative exposure, using
the DLogE curves in Appendix 3-3. Next, we took the square root of the
local exposure values, producing a matrix of amplitude values, A(x,y).
(In zone plate coded imaging, the original source intensity used to
23
produce the coded image, maps into reconstructed image amplitude. )
These data unfold processes are easily accomplished with the aid of a
computer and a look-up table containing the DLog E information. For
images that are recorded with exposures that lie within the straight
line portion of the D vs. Log E curve, the exposure values can be
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approximated by the following relationship :
E(x,y)=10D(x>^
(3-5)
where E(x,y) is the integrated laser exposure at each point in the
image plane, D(x,y) is the optical density at that point, and y is
the slope of the straight line portion of the D Log E curve. In this
experiment the recording film, Agfa 8E75, was developed in POTA. This
film/developer combination produces a characteristic curve with low
gamma and a large linear region. Therefore, equation (3-5) is accurate
for the data unfold. The final step in the data processing is to plot
the information with computer graphics routines and measure the image
characteristics (See Figures 3-12 and 3-13). The computer graphics
routines allow the data to be plotted in a variety of ways, including
3-D maps of source intensity versus position, and 1-D linear plots of
28
source intensity versus position
The reconstructed images for the 100 keV x-ray, 6 MeV proton and
10 MeV proton data are presented in Figures 3-12 and 3-13. Figure 3-12
presents the first-order reconstructed data as 1-D linear scans through
the center of the image, plotted as source intensity versus position
and as 3-D representations of the data showing relative source
intensity plotted vertically versus the two spatial
dimensions. Figure
3-13 shows the higher order reconstructed images, plotted in the same
manner as the first-order data. The 100 keV x-ray data was
reconstructed in first through seventh orders. Attempts to reconstruct
the data in m > 7th order were unsuccessful due to S/N limitations.
In the 6 MeV and 10 MeV proton data, the highest order that was
reconstructed was m
= 3, due to similar S/N limitations. The point
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response FWHM values for the 100 kev x-ray, 6 MeV and 10 MeV proton
reconstructed images are presented in Table 3-2.
Table 3-2
Measured Point Response FWHM Values
Image 1st order Highest reconstructed order
(FWHM) (FWMH)
100 kev x-ray images 37 ym
6 MeV proton images 37 ym
10 MeV proton images 47 ym
7th order = 4 ym
3rd order = 9 ym
3rd order = 28 ym
The 100 keV x-ray images were successfully reconstructed in 1st
through 7th order and had the smallest point response FWHM values. The
results of the 100 keV x-ray images are consistent with our
expectations from the coded image evaluation. The 6 MeV proton data
showed pattern modulation out to the N=100 zone, but suffered from some
loss of zone edge definition due to the limited number of recorded
quanta. The first-order results indicate the good pattern (spatial
period) definition. The loss of edge definition, due to
the limited
number of recorded quanta in the coded image, limited higher order
reconstruction to m < 3. The zone modulation in the 10 MeV proton
coded image was severely reduced beyond the
N=53rd zone. In the zones
that were well modulated above the background, a
severe loss of edge
definition occurred, due to the scattering in the
filter foils. These
two zone plate pattern defects account for
the larger point response
FWHM values in the 10 MeV proton images.
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Figure 3-13. The higher order reconstructed
point response images for
the 100 keV x-rays, 6 MeV and 10 MeV protons are
presented as 1-D and
3-D plots of the data. The 1-D plots of (a), (b), and (c) are taken
along a line through the peak
of the data, and show relative source
intensity versus position. The 3-D plots
of (a'). (&'), and (c') are
displayed as relative source intensity in the vertical direction versus
the two spatial dimensions. The FWHM values for
the higher order point
response images are: 4 ym for the 7th order, 100 keV x-ray image, 9
ym for the 3rd order, 6 MeV proton image and 28 ym
for the 3rd
order, 10 MeV proton
image. Note that the 3-D plots of (a') and (b1)
resemble a diffraction limited Airy pattern.
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It should be noted that the point response FWHM values for the 100
keV x-rays and 6 MeV protons in Table 3-2 are slightly smaller than the
calculated values of Table 3-1. This is most likely due to incorrect
estimates of the FWHM position in the reconstructed images. Our
estimate of the half maximum position is likely to be higher than the
true position due to the background noise, which makes locating the
base and maximum values more difficult. (Another possibility for the
difference in the FWHM values are non-linear effects due to the
photographic processing of the coded images . However, our considered
. . . 27
opinion is that these effects are small. The fact that we have the
same measured FWHM values for the 100 keV x-ray and 6 MeV proton data,
while the processing history for these two coded images was quite
different, supports this opinion.)
We have extended the coded imaging technology to 100 keV x-rays,
producing diffraction limited images with a FWHM of
- 4 ym. This
technique has also been demonstrated for 6 MeV protons, producing
diffraction limited images having a FWHM of = 9 ym. These results
are a direct verification of the fabrication precision of the coded
apertures. The reconstructed image data indicates a zone placement
precision and freedom from pattern distortion to better than 1/7 of the
minimum zone width. These results are also an indication that the zones
have good edge definition, since the coded images recorded the high
spatial frequency information necessary for higher
order image
reconstruction.
In the next section we discuss the implications of these coded
imaging results for the diagnosis
in laser fusion experiments.
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Section 3.4 Conclusion - Implications for Laser Fusion
A significant part of this work was supported by the Laser Fusion
Program at the Lawrence Livermore National Laboratory. From the
viewpoint of laser fusion efforts, a primary motivation for this work
was the investigation of the feasibility of imaging the high energy
proton emission from the thermonuclear (TN) burn region in laser driven
fusion targets. A specific motivation was the development of techniques
which would eventually lead to imaging the 14.7 MeV protons from the
3
D-He fusion reactions in such targets. The fabrication limitations
we encountered in producing gold zone plates restricted our work to 6
MeV and 10 MeV protons. We were, however, able to develop imaging
techniques that are applicable and scalable to 14.7 MeV proton imaging.
In particular, methods for proton detection, techniques for producing
coded image transparencies from nuclear track detectors, minumum S/N
levels required in coded images, and the minimum proton exposure level
necessary for a viable
reconstructed image have been addressed.
Anticipated proton yields from near term laser fusion target
6 8 3
experiments are expected to be low, of order 10 to 10 D-He
protons, with image resolution
requirements of = 5 ym. Therefore,
for an imaging scheme to be useful as
a laser fusion diagnostic, it
must combine both high resolution
and efficient use of the available
proton emission from the target. A
proposed imaging scheme to meet
these needs is zone plate coded
imaging. This scheme is illustrated in
Figure 3-14. The figure shows the isotropic
emission of 14.7 MeV
protons from the TN burn casting a
shadow through a Fresnel zone plate,
and being recorded in a CR-39 track
detector. The number of protons
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recorded by the track detector can be expressed as follows:
Nr
= [l/2](d a I 4 tt) Y (3-6)
where Nr is the total number of protons recorded by the detector,
d si is the total solid angle subtended by the coded aperture (the
[1/2] factor arises because half the zones are opaque), and Y is the




is the radius of the zone plate
and
s1
is the source to aperture distance. See Figure 3-14.) Although
our test experiments do not satisfy the TN burn imaging requirements
(14.7 MeV protons and 5 ym resolution) of the laser fusion program,
the 6 MeV and 10 MeV proton work does provide useful information, which
will help meet these goals. For example, we were able to estimate the
required target yield of protons for a high resolution image of the TN
burn region.
The total number of protons recorded in the 6 MeV proton test was
= 3 X 10 , within the 1.2 cm diameter zone plate shadow. For a 3 cm
(typical) source to aperture distance, that number of recorded proton
tracks is a simulation of the proton emission from a laser fusion
Q
target with a yield of 6 X 10 protons. As described earlier, the
coded image recorded at that proton exposure level produced images that
reconstructed in third order with 9 ym (FWHM) diffraction limited
3
resolution. Imaging tests at 6 MeV with =3X10 protons in the
coded image shadow were also done. That exposure level in the coded
5
image shadow corresponds to simulated a target yield of 6 X 10
protons. We found such exposures to be too low for a viable optical
reconstruction of the image. This allows us to place limits on the
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Zone Plate Coded Imaging Scheme










Figure 3-14. Schematic representation of the zone plate coded imaging
scheme for high energy protons from laser fusion targets. The solid
angle of the target subtended by the zone plate is defined as d n
where d a = 2 it (1 - cos e), with e
= tan"1
(rN /s-j).
(r|\j is the radius of the zone plate and S] is the source to zone
plate distance.) Zone plate coded imaging can offer an advantage in
collection solid angle of
104 to 105 times, over an equivalent
resolution pinhole camera.
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minumum exposure levels needed for proton imaging. A proton yield from
6 8
the target of - 10 to 10 appears to be necessary.
The coded imaging method provides a collection efficiency
advantage of many orders of magnitude over conventional imaging
schemes. We compare, for example, the collection efficiency of a zone
plate shadow camera with that of an
"equivalent"
pinhole camera (by
"equivalent", we mean that the magnification, source to aperture
distance, and spatial resolution are equal for both the zone plate and
pinhole cameras). An
"equivalent"
pinhole camera has a pinhole diameter
of
d = 1.64 Sr, (3-7)
where Sr is the minimum zone width of the coded aperture. Knowing the
size of the two equivalent apertures, the collection efficiency
advantage of the zone plate camera over the pinhole camera can be
calculated. The solid angle, d ft, for the apertures may be
approximated in figure 3-14 as dA/(s-,) , where dA is the open area
of the aperture. For a pinhole, dA
=
n (d/2) , and for a zone
plate, dA
= (iT/2)r^, where rN
is the zone plate radius.
The radius of a zone plate, rN, can be expressed in terms of the
number of zones, N, and the minimum zone width, Sr, by
r =2N Sr. (3-8)








= ((it/2)(2N Sr)2) / (tt (d/2)2)
- 3 N2,
using equation (3-7). A zone plate
camera with 100 zones has a
100
collection solid angle that is - 3 X
104
times greater than an
"equivalent"
pinhole camera. For N = 250, the zone plate collection
advantage would be * 2 X
105
over the "equivalent" pinhole camera.
The implications of these numbers for proton imaging of laser
fusion targets can be dramatic. In the 6 MeV proton simulation, 3 X
10 protons were recorded in the coded image. An "equivalent" pinhole
camera would have recorded = 100 protons. In the ultimate 14.7 MeV
D-He3 proton imaging experiment, the achievement of 5 ym resolution
will require a minimum zone width, Sr, of 3 ym and an "equivalent"
pinhole diameter of 5 ym. With the proposed zone plate of N = 250
zones and the same target yield, 3 X
108
protons, the number of
recorded protons in the coded image would be approximately 9 X 104.
The number of protons recorded by an equivalent pinhole camera would be
less than 1. In the flux limited situations encountered in laser fusion
experiments, the only viable techniques for reaching the resolution
goal of 5 ym are coded imaging methods.
Imaging the high energy x-ray emission, up to 100 keV, from laser
fusion targets is also of interest as a possible target diagnostic.
Coded imaging techniques have in the past been used for imaging the
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x-ray emission up to 30 keV from laser fusion experiments . The
results of our current work show that the technique can now be extended
to energies up to 100 keV with diffraction limited results.
In addition to high energy x-ray imaging of laser fusion targets,
the 100 keV tests allowed us to demonstrate two other features of coded
aperture imaging. First, we demonstrated our ability to record in the
coded image the high spatial frequency information needed for higher
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order image reconstructions. Our ability to reconstruct images up to
7th order with diffraction limited results demonstrated a precision of
zone placement and a freedom from systematic distortion in the coded
aperture, to better than 1/7 the zone width throughout the pattern. We
were also able to demonstrate coded imaging with high resolution and
high S/N, under conditions where the fractional transmission through
the solid portions of the zone plate was = 50%, using 100 keV x-rays.
This technique has implications for imaging highly penetrating
radiations, where it is generally difficult to make truly opaque coded
apertures (eg. neutron imaging, gamma ray imaging and very high energy
x-ray imaging) .
In the next section we discuss future recommendations for the
extension of this work in both the fabrication of Fresnel zone plate




Conclusions - Future Directions
Section 4.1 - Introduction
This work involved the microfabrication of thick, high
aspect-ratio, free-standing, gold Fresnel zone plates for use in coded
aperture imaging. We have extended microfabrication technologies to new
regimes and materials not normally associated with microfabrication
processes. The zone plates we fabricated were optically tested with
high energy x-ray and proton sources in a zone plate shadow camera. The
point response FWHM values of the coded aperture shadow camera were
measured with 100 keV x-rays, 6 MeV and 10 MeV protons. Diffraction
limited results were achieved for the 100 keV x-ray and 6 MeV proton
cases. These results were evaluated with regards to the use of zone
plate coded imaging (ZPCI) as a diagnostic in laser fusion research.
This section presents suggestions for the continuation
of this work in
two specific areas: Section 4.2 suggests future work in the area
of
microfabrication; Section 4.3 discusses
possible future work in coded
aperture imaging.
Section 4.2 - Future work in Microfabrication
One of the motivations for this work was to
fabricate thick, high
aspect-ratio microstructures, for use in
coded aperture imaging. The
original goal was to use these coded
apertures to image the high energy
103
x-ray (up to 100 keV) and high energy charged particle (14.7 MeV
proton) emissions from laser fusion targets. The extension of this
imaging technique to higher energy particles and photons, with improved
spatial resolution, will require the fabrication of thicker coded
apertures with even higher aspect-ratios than was achieved in our work.
A number of technologies exist for meeting these fabrication
challenges.
One possibility for the production of high aspect-ratio high
resolution microstructures is synchrotron x-ray lithography. X-ray
lithography using conventional laboratory sources is not viable for
this work because of the long exposure times anticipated. However,
x-ray lithography using a high brightness synchrotron source appears to
be a viable solution to the production of very high aspect-ratio
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microstructures. This has been demonstrated by Becker etal. The




(we define brightness as watts/cm sr hz),
generally 10
- 10 times brighter than conventional laboratory
x-ray sources. The high degree of collimation reduces penumbral
blurring effects associated with conventional sources,
while the high
flux level allows short exposure times.
A more detailed future study of the RIE process,
with particular
attention to etching very thick, very narrow channels
in polymers would
be of interest. Sidewall taper of the thin, outer zones limits the
maximum aspect ratio that could be achieved with RIE. The addition of a
Faraday cage around the sample
improves the sidewall profile, but does
not completely eliminate the taper
problem. A solution to the sidewall
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taper problem will allow the use of RIE technology to produce the
higher aspect-ratio polymer zone plate forms needed for future
applications.
The choice of the polymer mold material can also effect the final
outcome of the fabrication process. The structural integrity of the
thick, high aspect-ratio structure must be maintained through a wide
variety of dry and wet fabrication steps. A polymer layer that can be
coated flat, easily etched in the RIE system, and then be easily
removed after the electroplating step is needed. The compatability of
this new polymer with other process steps is also an important
property. The search for such an ideal polymer should be an important
goal for future work.
The ultimate limitation in the fabrication of thick, high
aspect-ratio coded apertures is the stress in the electroplated gold.
Polymer electroplating forms were produced in thicknesses
= 150 ym,
but the thickest gold pattern achieved was 75 ym. A solution to the
stress problem would immediately double the thickness of coded
apertures which could be fabricated. There are two possible solutions
to this problem. One possibility is to change the plating bath
chemistry or modifying the plating conditions;
another possibility is
to anneal the plated gold by heat treating the gold sample at intervals
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during the plating cycle to relieve the
internal stress.
In the fabrication processes described in Section 2, there are a
variety of wet and dry steps. Each
time the sample is placed in a wet
solution and then is dried, there is a possibility of damage to the
pattern. The ultimate goal for future
microfabrication work is a
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complete dry process. This involves investigation of isotropic and
anisotropic etching processes for a variety of polymers and metals. The
compatability of such new materials to the process gasses and etching
conditions will have to be explored.
Section 4.3 - Future work in Coded Aperture Imaging
Assuming that coded apertures of the desired thickness and
material can be fabricated, the next area for future work is the
testing and application of these microstructures in x-ray and particle
imaging experiments. For the work in laser fusion diagnostics, we hope
to fabricate zone plate coded apertures with the following
characteristics :
thickness : 250 ym - 500 ym gold
number of zones : N = 250 - 500 zones
minumum zone width : Sr = 5 ym
With a 250 - 300 ym thick gold zone plate, imaging tests with
higher energy charged particles and x-rays would be possible. In the 10
MeV proton tests described in Section 3, the reduced resolution was
caused by protons which were scattered by the filter foils. With a gold
zone plate 250 ym thick, the coded aperture could be tested using
higher energy protons, up to 14.7 MeV. This gold zone plate could use
thinner filter foils, resulting in less proton scatter and improved
image resolution. Depending upon the imaging results of the 14.7 MeV
proton test, a logical next step would be to try imaging the 14.7
MeV
proton emission from a D-He fueled laser fusion target. This would
allow the region of thermonuclear (TN) burn in the target to be
measured for symmetry and size. In addition, with this thicker, gold
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coded aperture, the x-ray imaging tests could be extended to energies
> 100 keV.
Experiments to determine the minumum modulation that can be
tolerated in a coded image, while still permitting the optical
reconstruction of an image with good S/N, are of interest. At a fixed
gold thickness, the fractional transmission through the zone plate will
increase with increasing x-ray energy. By performing the
"simulated"
point source experiment described in Section 2 with a thin gold zone
plate (t - 5-10 ym) and varying x-ray energy, the fractional
transmission can be varied over a range from 50% to 99%. The exposure
through the solid portions, due to the high fractional transmission,
will produce coded images of varying modulation. Attempts to optically
reconstruct these coded images would allow us to evaluate the minimum
modulation level required for coded imaging of highly penetrating




If a gold coded aperture 500 ym thick, with a 5 ym Sr could
be fabricated, the ZPCI technique could be tested with 14.1 MeV
neutrons. A laser fusion target fueled with Deuterium-Tritium gas
(D-T), will emit at compression 14.1 MeV neutrons from the region of TN
burn. A gold, coded aperture 500 ym thick would not completely stop
the neutrons, but would scatter
= 1 % of those that pass through the
solid zones. S/N tests similar to those described above, for x-rays,
could then be done with 14.1 MeV neutrons. If these tests were
successful, the next step
would be to image the 14.1 MeV neutron
emission from a laser fusion target.
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SEM Energy Dispersive X-ray Analysis (EDX)
of Electroplated Polymer Zone Plate Pattern
Introduction
A detailed Energy Dispersive X-ray (EDX) analysis of the plated
despoits on a zone plate pattern was done using a Cambridge Model 180
Stereoscan Scanning Electron Microscope (SEM) with a Kevex 7000 EDX
system. This analysis was done to determine the metal on the sidewalls
of the polymer pattern. This sample was etched down to the plating
base, chrome/gold. This prepared the sample for electroplating in a
gold plating solution. The non-conductive polymer pattern provided a
form that limits the region of electroplating on the sample. After a
short, 5 minute plating period, the sample was removed from the
solution, rinsed with water and allowed to air dry. The optical
inspection indicated that there was considerable peeling down of the
sidewalls of the pattern. It was suspected that gold had sputtered from
the plating base and deposited onto the sidewalls during the RIE
process. This provided a conductive surface for metal plating on the
sidewalls of the pattern.
The EDX analysis of the sample was done in the areas indicated in
Figure A-l. These SEM photographs show the center region of the pattern
and illustrate the peeling of material from the sidewalls. The EDX
system identified the materials in 5 different regions of the pattern,
labeled A, B, C, D (DI, D2, D3) and E (El, E2). Areas A, B, D, and E
are on the tops of the polymer pattern, and area C is in the center of
the pattern, in the exposed gold region of the pattern. The EDX system
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was operated at 10 keV accelerating potential on the SEM gun in
order to excite the Au
Ma x-ray
emission bands of the sample. This
would allow gold to be easily identified, in the presence of other
lower Z materials.
The following metals were identified, in the following areas:
Region Expected material Identified material
A Aluminum Al with traces of Cl
B Aluminum Al with traces of Au
C Gold Gold
1 Aluminum Al with traces of Cl
02 Polymer Au with traces of Cl
D3 Polymer Au with traces of Cl
El Polymer Au
E2 Aluminum Al with traces of Cl
The regions on the sidewalls of the pattern, a non-conductive
polymer, showed high concentrations of gold. We surmise that during the
RIE step, gold was sputtered from the plating base as a result of the
extended etch time needed to remove the polymer from the narrow zones.
This sputtered gold provided a conductive path and permitted gold to
non-selectively plate on the sidewalls as well as the base of the
pattern. The plated gold has high internal stresses and peeled down the
sidewalls in a thin layer. The peeling sidewalls blocked the thin outer
zones at the top, preventing any more plating within the narrow
channels of the pattern. The solution to the gold sputtering was
coating the gold plating base with a
protective etch-stop layer of
chrome. For all subsequent zone plate samples, this 3000 A thick
layer protected the gold layer and allowed thicker polymer patterns to
be etched. The removal of the etch-stop layer was
done with dry, Argon
ion milling and wet etching in an HAc
based chrome etchant.
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Figure A-l . SEM photographs of the areas
investigated using the
Cambridge model 180 SEM and the EDX elemental identification equipment.
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Appendix 2-2
Wet Chemical Etch Formula
and Etching Procedures
The wet chemical etchants used for this work are listed below.
These include Chrome etchant, Aluminum etchant and Glass substrate
etchant. After the listing of the etch chemistry, the etch times for




Acetic Acid CH-COOH 45 mi
De-Ionized Water 1 ]
Mix in order and use at room temperature (25C).
Aluminum Etchant
De-Ionized Water 50 ml
Acetic Acid CH-C00H 45 mi
Nitric Acid HN03 25 ml
Phosphoric Acid H3P0. 400 ml
Mix in order and use at room temperature (25 C). Stir well before
using.
Glass Substrate Etchant
Hydrofluoric Acid HF 250 ml.
Coat sample with wax in areas where you do not want the glass to etch.
Attach to paper with wax and immerse in HF until glass is dissolved.
CAUTION - DANGEROUS SOLUTION. HANDLE WITH CARE. Stir gently during
etching to facilitate glass dissolution.
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Nominal Etch Rates
Chrome Etchant Rate - 2000 A / minute.
Aluminum Etchant Rate - 800 A / minute.





The Argon Ion Milling parameters are listed below. These are for
milling gold and chrome from the plating base of samples. After the
etch parameters, the nominal etch rates will be listed.
Electron injection voltage - 400 VDC.
Electron injection current 0.3 mAmp.
Arc voltage 27 VDC.
Arc current 1.0 Amp.
Neutralizer Balance to zero with Faraday cup in place.
Suppressor voltage 75 VDC.
Suppressor current 20 mAmp.
Cathode voltage 10 VDC.
Cathode current 25 Amp.
Magnet voltage 10 VDC.
Magnet current 0.8 Amp.
Grid polarity Positive.
Accellerating polarity Reversed.
Nominal Ion Mill Rates
Ion Mill rate - Gold
- 200 A / minute.
Ion Mill rate - Chrome
= 20 A / minute.
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Appendix 3-1
X-ray Film Exposure Calculations
and Processing Data
The x-ray film used for the 100 keV coded imaging test was Kodak
type AA, single sided (one emulsion layer was chemically removed).
Based upon previous film sensitivity work by C. Dittmore at LLNL, the
exposure needed to produce a density of 1.0 for Kodak type M, single
3 2
sided, is estimated at = 4 X 10 ergs / cm . Type AA is estimated
to be a factor of 3X faster than M, and the following calculations are
based on that relationship.





1 eV = 1.6 X
10"19








At a film sensitivity of 4/3 X 103ergs / cm2,
(1.3 X
103









At a source to film distance of 75 cm :
c 2
source flux = 7.4 X 10 photons / cm second
estimated exposure time in seconds - 13600 seconds
- 3.8 hours.
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These sensitivity valuse are based upon the following film processing
conditions, which were used for these tests exposures:
Developer - Kodak Rapid X-ray Developer (powder)
6 Minutes at 72F with constant tray rock agitation
Indicator Stop Bath




F with constant tray rock agitation
Running water rinse
2 minutes at 72F with constantly running water
Kodak Hypo Clearing Bath




F with constantly running water
PhotoFlo
30 seconds rinse and air dry at 72F.
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Appendix 3-2
Film Exposure and Processing Data
for Coded Image Transparency Production
This is divided up into two parts. The first part is the
production of the coded image transparencies from the 100 keV x-ray
film and the second part details the production of coded image
transparencies from the 6 MeV and 10 MeV proton CR-39 etched track
detectors.
The prefered polarity for the optical reconstruction is with the
central zone open (low optical density). This is the form of the data
at the time of exposure. The process involves a contact printing onto
Kodak type S0-343, High Resolution film, using a point source light.
The point source lamp is needed in order to reduce the edge blurring
and loss of resolution that would occur with conventional lamps. The
point source lamp is at a distance of 2 meters from the sample and a
contact print onto the SO-343 is made. The exposure time depends upon
the density of the test films. The 100 keV x-ray film had a nominal
density of 0.9 D, and a set of test exposures was
made at 15, 30, 60,
120 seconds. The film was processed as follows: Kodak HRP developer at
1:4 dilution for 4 minutes at 72F with constant agitation,
2 minutes
running water rinse at
72
F, 2 minutes Kodak Rapid Fix at 72F with
constant agitation, 6 minutes running
water rinse at 72F,
methanol +water at 25%, 50%, 75%, 100% (all methanol) for 15 seconds in
each bath, still air dry in clean box.
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These negatives were inspected for dust specks and defects and
subsequently contact printed onto KR High Resolution Master Grade
GlassPlates. The exposures were done in a set at 30, 60, 120, 240
seconds. The processing is as follows: Agfa RD-200 developer at 1:4
dilution for 5 minutes at 72F with constant agitation, 2 minutes
running water rinse at 72F, 2 minutes Kodak Rapid Fix at 72F with
constant agitation, 6 minutes running water rinse at 72F,
methanol +water at 25%, 50%, 75%, 100% (all methanol) for 15 seconds in
each bath, and place in clean box to dry. These glass coded image
transparencies were used in the optical reconstruction of the data
presented in Section 3.
The proton coded images required an enhancement of the contrast,
in order to yield coded images suitable for optical reconstruction.
They were photographed with a high resolution optical system used for
IC mask reduction. The camera was setup at 1:1 and a calibrated scale
was photographed to ensure there would be no change in the size of the
coded image transparency when compared to the original
track detector
image, the optical system resembled a dark field microscope
illumination system. A 1 meter square black card was placed 1 meter
behind the coded image plane. A 1 meter square black
card with a hole
cut for the track detector was placed over
the CR-39 sample. The light
source was a 2.5 X 2.5 meter area rear
illumination system. The optical
setup allowed the




axis, causing the light to scatter
from each conical track. This was
recorded by the lens as a
bright point of light at the site of each
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track. This resulted in a coded image transparency that had the
prefered polatity (clear central zone) in a single step. The exposure
times were greatly increased, due to the reduced amount of light that
scattered from the tracks. The exposure was made on the same KR High
Resolution Plates as was used for the contact printing step. The
exposure times were from 5-45 minutes. The processing of these films
was the same as for the contact printing images.
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Appendix 3-3
Film Exposure and Processing Data
for Reconstructed Images
This will contain the DLogE data for the film and developer used
for this work. For the x-ray and proton reconstruction work, Agfa
Scientia 8E75 holographic Plates and POTA Extended Range developer for
6 minutes at
72
F was used. The processing times for the images was
as follows:
POTA developer (1.5 g. Phenidone - A + 30 g. sodium sulfite +11.
water) for 6 minutes at 72F with constant agitation, Kodak Indicator
stop for 30 seconds at 72F with constant agitation, Kodak Rapid Fix
for 3 minutes at 72F with constant agitation, 6 minutes running
water rinse at
72
F, methanol +water at 25%, 50%, 75%, 100% (all
methanol) for 15 seconds in each bath, air dry in clean box.
The data unfold is based upon the film response to laser light for
a given set of processing conditions. The calibration
data for this
film/developer combination is given in tabular and graphical form
below.
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The D versus relative Log E data, in tabular form, is presented
next.



























The data is plotted next as D vs. Log Exposure
in Figure A-2. The
data was fitted with a straight line and plotted as a linear function,










6 minutes 7 2 F
D vs. Log E plot
(straight line through data)
1.0 0.0 1 .0 3.0 4.0 5.0 6.0 7.0 8.0 g.O 10.0 11.0
Relative Log Exposure
(HeNe laser light)
Figure A-2. Plot of Density versus the Log of the exposure of HeNe
laser light onto Agfa Scientia 8E75 glass plates processed in POTA low
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